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SECTION 29 


PRINCIPLES OF ELECTRIC GENERATORS 


509. Electric Generators or Dynamos are machines whereby 
by utilizing the principle of magnetic induction (Art. 416), 
mechanical energy may be converted into electrical energy (Art. 
179). They are sometimes referred to as “electricity genera- 
tors.” This term is, however, incorrect. Electricity can not 
be generated. A generator may be thought of as a device by 
means of which electricity which is already in existence (Art. 94) 
can be forced to move and thereby transmit energy and do work 
—light lamps, operate motors and the like. A dynamo does not 
generate electricity any more than a hydraulic force pump 
generates water. 

510. How a Generator Can Convert Mechanical Energy 
into Electrical Energy is outlined in Art. 94. Briefly: The 
mechanical turning of the rotating portion of the generator 
causes conductors associated with the machine to cut or to be 
cut by a magnetic flux. This flux is usually produced by electro- 
magnets. The cutting of the flux induces an e.m.f. in the con- 
ductors. Now if this e.m.f. be impressed on a closed, conducting 
circuit it will force through the circuit an electric current—which 
is a transference of electrons. As outlined in Art. 181, when- 
ever a current is impelled electrical energy is generated. 

511. The Principle of the Generator has already been briefly 
indicated in Art. 418. If the bar shown in Fig. 217 be pushed 
through the magnetic field between the poles of the magnet an 
e.m.f. will be induced in the bar. The intensity of the e.m.f. 
will be proportional to the speed with which the bar is moved— 
that is, proportional to the rate of cutting. This e.m.f. will force 
a current (of an intensity inversely proportional to the resistance 
of the circuit) through the circuit which consists of the bar and 
the external circuit. The e.m.f. will be in one direction while 
the bar is being moved up and in the other while the bar is being 
moved down. ‘The directions of these induced e.m.fs. can be 
ascertained by applying the hand rule of Art. 427. Power will 
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be required to move the conductor between the poles (since 
current is forced through the circuit) and the power, P, thus 
required (neglecting the weight and the eddy-current loss) will 
be equal, in watts (Art. 164) to H x J. If the circuit is open 
I=0. Hence, with an open circuit, P = 0, that is, no power 
is required to move the bar. 


Exampie.—lIf it be assumed that there are 200,000,000 lines in the uni- 
form field of Fig. 217 and that just 1 sec. is required to move the bar at a 
uniform rate through them (since cutting at the rate of 100,000,000 lines 
per sec. induces 1 volt, Art. 226), an e.m.f. of 2 volts (Art. 444) will be gen- 
erated during that second. Assuming the resistance of the entire circuit, 


Uniform Flux of Insulating 
Lines of Force \. Shaftyee 7 lock 


es 


Fie. 253.—Illustrating the principle of the generator. 


comprising bar and external circuit, to be 14 ohm, the current will (Art. 134) 
be : l= + R = 2+ 144=4 amp. The power expenditure—the rate of 
doing work—will (Art. 164) be: P= EX I =2 X 4 = 8 watts. 


512. In Commercial Generators it is necessary to use strong 
electromagnets to produce the fields and it is necessary to move 
conductors through the fields at high speeds to generate the e.m.fs. 
required. These high speeds, viz., high rates of cutting lines are 
best attained by rotating conductors formed into loops through 


magnetic fields. The elements of such an arrangement are 
shown in Fig, 253. 
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513. The Hand Rule for Determining the Relative Directions 
of Motion, E.m.f. and Flux as Applied to a Loop Rotated in a 
Field is stated graphically in Fig. 254,J. This is merely a specific 
adaptation of the rule given in Art. 427. Note that the right hand 
is always used for a generator as at I while the left hand is used 
for a motor as at IJ. 

514. What Occurs When a Conducting Loop Is Rotated in a 
Magnetic Field will now be discussed in connection with Figs. 
255 to 262: Imagine the conducting loop of Fig. 253 arranged 
in a magnetic field, as shown in Fig. 255, with a collector ring 
electrically connected to each side of the loop and provided with 
two metallic brushes, each so mounted as to make electrical 
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Fie. 254.—Application of hand rules to rotating coils. 


contact with one of the collecting rings. The brushes bear down 
on their rings and always make electrical connection with them, 
but they do not interfere with the turning of the loop. The 
external circuit is connected to the two brushes as shown. 
Furthermore, assume that one-half or side of the loop is painted 
black, as shown merely so that it can be readily distinguished 
from the other half which is not painted. 

Now if this loop of Fig. 255 be rotated—in either direction— 
both of its sides, the painted and the unpainted one, will cut lines 
of force (Fig. 255,IJ) and an e.m-f. will be generated within the 
loop (Art. 422). If the loop be rotated in the counterclockwise 
direction indicated, toward the position of Fig. 256, the direc- 
tions of these e.m.fs. (hand rule, Art. 427) will be in (away from 
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the reader) in the white side of the loop and out (toward the 
reader) in the black side, as shown by the arrows in I and by the 
cross and dot in JJ. Brush B (Fig. 256) then will be positive 
(+), because the direction of the induced e.m.f. at this time is 
out of or away from it, and the brush W will be negative (—). 
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Fig. 255.—Conducting loop being rotated in magnetic field. 


Current will be forced in the direction shown through loop and 
the external circuit by this e.m.f. as outlined in the following 
example: 
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Fire. 256.—Second position of conducting loop in uniform field. 


Exampie.—Now assume that the rotation of the above-described loop 
be continued at a uniform speed and in a counterclockwise direction. Its 
sides will cut lines of force as it moves through the position of Fig. 256 until 
it reaches the position indicated in Fig. 257. At the instant illustrated in 
Fig. 257 no lines of force will be cut, because at this instant the sides of the 
conductor are moving parallel to the lines and can not, therefore, cut them. 
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Hence, at this instant, the e.m.f. induced will be zero and therefore no cur- 
rent will be forced through the loop or external circuit. 

It can be shown (Art. 518) that, as the loop is rotated, at a uniform speed, 
from the position of Fig. 255 to that of Fig. 257, the e.m.f. induced in it 
gradually decreases from a maximum to zero. (By “a maximum e.mf.” is 


Half of Loop Painted Black, jHaltof Loop Painted White 


Path of Sides Flux of Lines 
( of Force 


Collector Ty ‘Direction 
Rings B of otation 
Direction 
of fotation ~~s 
W- Section 


V- Perspective View 
Fic. 257.—Third position of conducting loop in uniform field. 


meant the greatest possible e.m.f. that can be induced in the loop with the 
given flux and given speed of rotation; the value of such a maximum e.m.f. 
ean be determined in any given case by using the formula of Art. 444.) 
The rate of cutting gradually decreases as the loop is rotated until, in the 
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Fie. 258.—Fourth position of conducting loop in uniform field. 


position of Fig. 257, no lines are being cut—the rate of cutting is then zero 
and the induced e.m. is therefore zero. 

The uniform rotation of the loop is continued. Just as the loop leaves the 
“neutral” position (Fig. 257) its sides—both of them—will again commence 
to cut lines. But the e.m/f. now induced in each of the sides of the loop will 
be in the opposite direction from that induced. during the first quarter of 
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the revolution. Apply the hand rule of Art. 427 and verify the directions 
of the arrows showing the e.mf. directions in Fig. 258. The e.m-f. is now 
in in the black side of the loop and out in the white side. The brush W 
now becomes positive and B becomes negative. Compare this with the 
reverse condition of Fig. 255. 

The current impelled through the loop and external circuit by this in- 
duced e.m.f. will reverse in direction as the direction of the e.m.f. reverses. 
As the uniform revolution of the loop is continued through the positions of 
Figs. 259, 260, 261 and 262, e.m.fs. will be induced during the time that the 
sides of the loop are cutting lines and none will be induced at the instants 
(Figs. 257 and 261) when they are not cutting. The e.mf. induced at the 
instant of Fig. 259 will again be a maximum because at this instant the 
loop is cutting directly across lines—cutting at the maximum rate. Study 
the illustrations and verify the directions of the e.m.fs. and the currents 
indicated by the arrows. Also verify the polarity signs at the brushes. 
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Fie. 259.—Fifth position of conducting loop in uniform field. 


Fig. 263 shows in one picture the positions of a rotating loop 
at five different instants. Note that this loop is being turned in a 
clockwise direction and that it starts, at J , from the neutral 
position where, for an instant, the sides of the loop are moving 
in a direction parallel to that of the flux—and the induced emf. 
at this instant is zero. The sine curve (Art. 517) in the lower 
part of the illustration indicates graphically how the e.m.f. 
induced varies in strength and direction as the uniform rotation 
continues. The vertical distance at any point between the 
horizontal line and the sine curve itself is proportional to the 
e.m.f. induced at the corresponding instant. 

515. Why the E.m.f. Induced in a Loop Rotating at a Uniform 
Speed in a Uniform Field Is Different at Different Instants may 
be better understood from a consideration of the example of 
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Fria. 260.—Sixth position of conducting loop in uniform field. 
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Fig. 261.—Seventh position of conducting loop in uniform field. 
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Fig. 262.—Eighth position of conducting loop in uniform field. 
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Figs. 264 and 264A. Imagine that the loop A’A is revolved at a 
uniform rate (at a steady speed of 1 complete revolution in 16 
sec.) in the uniform magnetic field (Art. 61) shown: 


ExampLe.—As the loop moves 
from position A’A to B’B, both of 
its sides S’ and S will cut lines. 
Thereby an e.m.f. will be induced 
in the loop as described in a pre- 
ceding article. One complete rev- 
olution, that is the circumference 
of a circle, is always equivalent to 
360 degrees. From position A’A 
to B’B is 6 revolution; hence it 
is 360 + 16 = 22!¢degrees. Since 
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during the revolution of a conducting loop. 
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Fie. 264.—Showing how the rate 
of cutting lines varies as a loop is 
rotated in a uniform magnetic field. 


16 sec. is required for 1 revolution, 
1 sec. will be required for 14 rev- 
olution or 22144 degrees. In moy- 


Zero Voltage _. ~ 
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Si Ss WO Ss ing from A to B side S cuts 5 of 

r. aS the lines of force shown—in 1 sec 
S| 8 But in moving from B to C, S cut, 
b ~“ 


only 3 hnes—in 1 sec. In moving © 
from C to D, S cuts 2 lines—in 1 
sec. In moving from D to EZ, 8 
cuts 1 line—in 1 sec. 

Obviously the rate of cutting— 
the number of lines cut per second 
—decreases as side S approaches _ 
position 2, The other side of the 
loop S’ is, also, cutting lines at the 
same rate asis S. And the em. 
induced in side S’ acts in unison around the loop with that induced in side 
S, as suggested in Fig. 255. The e.m.f. induced in S, while it is moved 
from FE around to A’, will obviously increase as A’ is approached. It will 
be a maximum at the instant of position A’ when S will be cutting directly 
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across lines. Likewise, the e.m.f. induced in the sides of the loop varies as 
rotation is continued. 


The example given above explains the situation in general 
terms and outlines in an illustrative way an important truth. 
However, the values given should be considered as qualitative 
rather than quantitative. The actual rate of cutting at position 
E is, at that instant, zero. 
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Fic. 264A.—The ‘‘generation”’ of a sine curve. 


516. The Sine (abbreviated “‘sin’’) of an acute angle of a 
right-angled triangle is that value by which the length of the hypot- 
enuse must be multiplied to obtain the length of the side opposite the 
angle. Elaborate tables of sines of all angles have been com- 
puted and may be found in engineering handbooks. There is a 
condensed table of sines of angles in the back of this book and in 


aes 
F 
1-45° Angle 1-60° Angle I-15° Angle 
(Sine 45°= 0.702) (Sine 60= 0866) (Sine 1S = 0.259) 
Fie. 265.—Problems illustrating the application of the ‘‘sine” of an angle. 


the author’s American ELrEcTrRICcIAN’s HAaNpBooK under the 
heading ‘‘Trigonometric Functions.”’ 


ExampLe.—The angle A of the triangle of I of Fig. 265 is known to be 
45 degrees and the length of the hypotenuse AB is known to be 8in. What 
is the length of the side BC, which is opposite angle A? Sorutron.—Refer- 
ring to any table of sines of trigonometric functions, it will be found that 
the sine of 45 degrees is 0.707. Hence, it follows from the above-given 
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definition of “sine” that if the length of the hypotenuse AB be multiplied 
by this value “0.707,” the length of BC will be the result. Thus: 8 x 
0.707 = 5.65 in., which is the length of the side BC. 

EXAMPLE.—What is the length of the side DF of triangle DEF? Sotv- 
TION.—From a table it is ascertained that the sine of 60 degrees is 0.866. 
Then: 0.866 X 12 = 10.4 in., which is the length of DF. 

EXxAaMPLE.—The sine of 15 degrees is 0.259, therefore the length of GH of 
triangle GHI is: 18 X 0.259 = 4.66 in. 


517. A Sine Curve or Sinusoid (Fig. 266) is a curve whose 
abscissas (horizontal distances from the origin or starting point) 
represent the lengths of arcs and whose ordinates (vertical dis- 
tances from the base line) represent the corresponding sines. 


ExaMPLe.—The circumference of the circle of Fig. 266, J (having a radius 
equal to 1) is divided into equal ares AB, BC, etc. The length of a 
line, such as Bb, Cc, etc., drawn from the left termination of each section 
(AB, AC, AD, etc.) to the horizontal diameter JA, is the sine of the opposite 
or included angle. For example: length Bb is equal to the sine of 2214 
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Fria. 266.—Showing a sine curve and the method of its construction. 


degrees, length Cc is equal to sine of 45 degrees. (For proof see note which 
follows.) Now by laying off, as shown in JJ, equal divisions such as A’d’, 
b’c’, c’d’, etc., on a horizontal line, erecting lines (B’b’, C’c’, etc.) equal in 
length to the corresponding sines in order and joining their extremities, a 
sine curve or sinusoid is formed. ; 
Note.—Why the lengths of the lines Bb, Cc, Dd, ete., are equal to the 
sines of the included angles opposite them may be explained in this way: 
It follows from the definition of a sine of Art. 516. The hypotenuses eB, 
eC, eD, etc., of the different triangles in the circle are all the same length, 
being in each case the radius of the circle. The length of this radius may 
be taken as being equal to 1. Then if length eB be multiplied by sine of 
22} degrees, the result should be length Bb—from the definition of sine of 
Art. 516. Hence length of Bb = sin 2246 degrees. The same sort of proof 
can be written for the other sines, Cc, Dd, ete. 


518. The E.m.f. Induced at Any Instant in a Loop, Rotated at 
a Uniform Speed in a Uniform Field, Varies as the Sine of the 
Angle Through Which the Loop Has Been Turned from the 
neutral plane which lies at right angles to the field. Art. 515 


o4/ 


through different 


is passing 


te why the e.m.f. induced in a rotating loop 
tants as the loop 


ins 


FAUINGULL DMD UEP LEMOLMGC GHNNKKALORNS 


positions in the field—but they do not indicate “how much” 


and Fig. 264 indica 
varies at different 


ase ad] 


Nn << i 
4 2 S_--_---- ——a 
x SS fe piaeaie —— = 
& 4 -----p> 4 --F - > ------- J ar > 
ia% ae a) a FS y & 
*S SS Ros <> St % 
> ———— ate a ——— he 
NY ast fe ts | ——— SB 
N ‘ [= fee, Si eee ts : & 
% £ ———e ee =—— FS 4 
8 R — \ Vs 3 
& & x —= 4 ines gy 
x 8 % —— + oki = 
Ss 3 Ss === Bese SS . Se ee Es i _ = < 
= = iw —xn : SSS NS Oo 
a Ss ; S55 ee ST 35 = 
\ ? x == hima ral A. Ee ae == fe = 
—<—= / ———— FJ —-\ > ----- 7 - YY S 
=== PF} > ~~ >] ae] 2 
——— ———1 aS mgs | Era ao 
= —— Ra a eS ———= = 
— > === kee : 
[{———] ->------~-- wooo -- E— =| b 
— a |S a ty ae 


~ 


1-Start (0 Degrees) 


=| Ss fis) lita ee 
E—- a et ee >----- as 
a ra — . eS ~---4-->-2-5- a 8 
i SS 4. C ES SEE F>>n¢->-- ° 
SSS & Beha ES & 
i ————} ————s = = 
oo —— ~ ES OE Ne eee ak 
& N } ;-——4 ~ —— = > a----- > LN 
>) SQ —— ~ — TSS Sine =—\=— we 
Sos 8 — e¢ f+——4_// \ SSS 5 
ae ‘S S — — ox SS. “gree < 
4 ~ o Ss . 

——I — ———_4 > -==--——> > “aes ~~ = 
> Ss ree ———— = SS wo = 
S = = Fee oS —— foe i iat ie a 5 
s s 2 ES 2 SS EE ee eee ee o 
Ss sr OS —— o -—4----\— ‘eit fac pane ASO s 
Sess S ——— oc — : : oa 

omy RE —— a Nm een Sar oy 
ity Ss —a 12 —— Pe eee =e Ge 
See ——4 H ~ap< i+ >. i 

i —— H f-—f >---+--- sf retro ee By 
Ss §& ———4 P--- n= > ~-~-- fp ~~ -- : 


‘ 


, from instant to instant, in the in- 


10n 


By carefully considering the diagrams of 
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tensity of the induced e.m.f., as the loop is rotated, will be as 
stated in the opening paragraph of this article. 


Exampir.—tThe loop BA (Fig. 267, I) is being rotated in a counterclock- 
wise direction in the uniform field shown. It is a fact that a line, AC, drawn 
at right angles to BA (that is, tangent to the circle outlining the path of 
the loop) will when drawn to some—any—scale, represent the direction and 
velocity of the movement of the side S of the loop at the instant shown. 
The line AC should be drawu to scale proportional in length to the velocity 
of the side 8. The direction of the line shows the direction of S at that 
instant. 

Diagrams J to V inclusive of Fig. 267 show different positions of the loop 
ag it is being rotated in the field. In each of the five positions, the length 
of line AC (or AiC;, A2C2, etc.) indicates the actual velocity or speed of the 
loop at the instant pictured. Since the speed is uniform, AC, A1C1, AsC2, 
etc., are all the same length in each of the five diagrams shown. The direc- 
tion of the line AC, etc., in each of the five diagrams shows the actual direc- 
tion of the side S of the loop at each of the five instants pictured. 

Now at the instant of J, the side S of the loop is, as represented by line 
AC, in the neutral plane and is moving directly parallel to the direction of 
the flux. Side S is, therefore, cutting no flux at this instant and the e.m. 
in it is zero. But consider the instant of JJ: AiC, represents the direction 
and speed of side S at this instant. Now any line, for instance AiC,, which 
represents graphically the movement of a thing, may be resolved into two 
components or parts at right angles to each other. 

Thus, AiD; and D,C, are components of AiC;. It is a fact that AiD; 
actually represents the instantaneous movement of side S in a direction at 
right angles to the lines of force. The direction of A;D, represents the direc- 


tion of movement at this instant. The length of A:D, represents or is pro- — 


portional to the speed of S in the horizontal direction at this instant. The — 


actual rate at which S cuts lines is, obviously, proportional to the speed with 
which it cuts horizontally across the lines that is, at right angles to the lines. 
This speed is represented at the instant of II by the length A,D,. 


Now A.D, is proportional to the sine of angle C; (Art. 516). But, angle 
C1 = angle O, as can be shown by geometry. And angle O is the angle 


through which the loop has turned from the neutral plane. Since AiD: 
represents the speed of S at right angles across lines at the instant shown, 


it represents the actual rate of cutting lines at this instant. Hence, it is E 


apparent that the rate of cutting lines is proportional to the sine of the angle 
through which the loop has been turned from the neutral plane. Since O 


San 


in picture IT is 2214 degrees the rate of cutting lines—or the length of Ai:D1_ 


—is at this instant, proportional to the sine of 2214 degrees. 

Similar reasoning is followed for the three other positions of the loop 
diagrammed: At the instant of III , the actual rate of cutting lines is repre- 
sented by line A,D» which is proportional to the sine of 45 degrees. At the 
instant of IV, the actual rate of cutting lines is represented by A3D; which 
1S proportional to the sine of 6714 degrees. And, at the instant of V, 
the actual rate of cutting lines—now a maximum—is represented by 
A.C,, the actual speed of rotation, because the sine of 90 degrees is 1. It 
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has, therefore, been shown that the induced e.mf. varies as the sine of the angle 
through which the loop has turned. 


519. The Elementary Alternating-current Generator is, obvi- 
ously, shown in Figs. 255 to 262. The e.m.f. induced in the loop 
sf this arrangement and plotted in the graphs of Figs. 263 
and 268,J is, since it alternates regularly in direction, by the 
definition of Art. 113, an alternating emf. If the revolving 
coil be connected to an external circuit since the resistance of 
the external circuit of Fig. 255 remains constant, the current 


0° 90° Air 270° 360° 


10° 


T-Curve’ of E.M.F in External Circuit 


Fig. 268. —Graphs of e.m.fs. in the loop and in the external circuit of an 
elementary direct-current generator. 


in amperes forced through this circuit by the e.m.f. induced in 
the revolving loop must obviously be an alternating current. 
Now the e.m.f. induced in a coil or loop being rotated in a uniform 
field varies (Art. 518) as the sine of the angle through which the 
loop has turned from the neutral plane. It follows, therefore, 
that the curve of emf. of this loop (Fig. 268) is a sine curve 
(Art. 517). 

520, An Alternating E.m.f. Is Generated in Any Loop Rotated 
in a Magnetic Field even through the e.m.f. (rectified with a 
commutator, Art. 529) impressed on the external circuit be a 
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direct e.m.f. and the current in the external circuit a direct 
current (Art. 107). Fig. 268, and JJ illustrates this principle. 
Then, the current in the armature (Art. 534) of any direct-current 
machine is an alternating current—though of course the current 
in the external circuit is a direct current. 

521. Meaning of “Positive” and “Negative” Direction of 
Rotation.—The counterclockwise direction of rotation is usually 
called, or assumed to be, the “‘positive”’ direction of rotation. 
Counterclockwise means opposite in direction to the direction of 
rotation of the hands of a clock. Likewise, the clockwise direc- 
tion of rotation is usually designated as the “negative” direction 
of rotation. The terms as above defined have been arbitrarily 
selected and, while the definitions given are the generally ac- 
cepted ones, there is no real reason why they could not be 
reversed. When used to indicate direction of rotation, then, the 
term “positive’’ merely means the opposite of ‘negative’ 
and neither term has anything to do (except possibly indirectly) 
with the positive or negative polarities of the circuit. 

522. Meaning of “Positive” and “Negative” Directions of 
Alternating E.m.fs. and Voltages (review Art. 112).—In Fig. 
255,I the current is flowing away from brush B and into brush 
W. But in Fig. 259,/X, current flows into brush B and out of 
brush W. Obviously, the direction of the current in Fig. 259 
is Just opposite to that of the current in Fig. 255. _ To distinguish 
between these two possible directions of e.m.f. or of current flow 
in any circuit, one (either one) direction is called the “positive” 
direction and then the other is then designated as the ““nega- 
tive” direction. 

If the loop of Fig. 264 be rotated in a counterclockwise direc- 
tion from the position AA’, the direction of the induced e.m. 
will be out S and into 8S’. Now if the loop from position AA’ is 
rotated in a clockwise direction (Art. 521) the induced e.m4. 
direction will again be out of S and into S’. (If the rotation of 
the loop is started from any position other than one parallel with 
the flux, AA’, Fig. 264,A, the e.m.f. will be in one direction 
if the rotation is commenced counterclockwise and in the other 
direction if it is commenced clockwise). Verify these state- 
ments by applying the hand rule of Art. 427. If the direction 
of the field is reversed, the direction of the induced e.m.f. will 
be correspondingly reversed. If in Fig. 264, the direction into 
S’ and out of S is taken as the positive direction, then the direc- 
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‘tion out of S’ and into S will be the negative direction. On 
this basis, considering S alone, the positive direction is out of 
S, toward the reader; the negative direction is into S, away from 
the reader. 


Norte.—It is well to designate the positive direction of e.m.f.in each case, 
as the direction of the e.m.f. or current in the loop while the loop is being 
rotated in a counterclockwise direction through the first 180 degrees from the 
neutral axis. Then the direction of e.m.f. during the next 180 degrees will 
be negative. The reason why it is well to so designate the directions is 
this: the values of a sine curve that are plotted above the neutral or zero 
line (as A’C’D’ of Fig. 266) are usually most conveniently designated as 
positive. That is, they usually indicate values of e.m.fs. or currents that 
are in what is arbitrarily designated a positive direction. Values plotted 
below the zero line are then regarded as negative. If the positive direction 
of e.m.f. is taken as that just suggested, this convention will be preserved. 

This matter of positive and negative directions is, then, merely one of 
convention and either direction of e.m.f. or current may be regarded as 
positive as the loop rotates through the first 180 degrees from the neutral 

“plane, provided the directions of e.m.f. and current as the loop rotates 
through the remaining 180 degrees is regarded as negative. 

Norts.—Positive and negative directions of currents or e.m.fs. must not 
be confused with positive or negative polarities of electric circuits. A 
“positive” or “negative” direction of current or e.m.f. bears no particular 
relation (except perhaps, indirectly) to the positive and negative polarities 
of a circuit. However, the polarities of a circuit do change as the directions 
of the e.m.f. and current change. There are, then, at least three possible 
usages of the terms “positive” and “negative:”’ (1) To indicate polarity of 
circuits, Art. 97A. (2) To indicate direction of rotation, Art. 521. (3) To 
indicate direction of current or e.m.f. as described in the article just preceding. 


523. A Graphic Statement of the Variation of the E.mf. 
Values Induced in the Loop of Fig. 255 at the different instants 
of its revolution can be plotted into a graph like that of Fig. 
268, I. Assuming that the loop starts from the neutral position 
of Fig. 257, this graph of Fig. 268, TI shows how the e.m.f. in- 
duced in the loop increases from zero and attains a maximum 
value in one direction (Fig. 259), which can be designated 
arbitrarily (Art. 522) as the positive (+) direction, at 340 or yy 
revolution. 


Norr.—The maximum e.m.f. in the illustration plotted in Fig. 268, J 
is shown to be 9 volts. This means that the uniform speed at which the 
loop is being rotated and the number of lines in the flux are such that 
at the instants when the sides of the loop are passing through the positions 
of Figs. 259, [X and X, and 255 the e.m.f. induced is just 9 volts—4}4 volts 
in each side of the loop. 
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Fig. 268, I, also shows how, as rotation is continued, the e.m.f. 
decreases to zero at 1%, (or 14) revolution (Fig. 261), how it 
reaches its greatest value in the other direction, which we can call 
the negative (—) direction (Art. 522), at 1549 or 34 revolution 
’ (Fig. 255) and how it then again becomes zero at 2949 or 1 revolu- 
tion (Fig. 257). Note that the maximum negative and positive 
e.m.fs. are equal in value but opposite in direction. Any 
corresponding negative and positive (Art. 522) locations on the 
curve are of equal value but of opposite directions. The e.m.f. 
generated by the loop will continue to vary as shown by the 
graph (Fig. 268, J), as long as the loop is rotated uniformly. 
This graph or curve is a sine curve (Art. 517). 

Exampis.—In Table 525, in the column headed “#,” are shown numerical 
values indicating how a loop being rotated in a field and at a speed such that 
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Fia. 269.—Loop which is being rotated in a magnetic field and graphs of 
e.m.f. and current induced thereby. 


the maximum e.m.f. induced is 10 volts, induces different e.m.fs. at different 
instants. The sine curve (graphic statement) of these values is given in 
Fig. 269, The voltage value for each instant in this column ‘“‘E” was ob- 
tained by multiplying the maximum value, 10 volts, by the sine of angle 
through which the loop had been rotated (from the neutral position shown 
at Fig. 269, J) up to that instant. 


524. The E.m.fs. and Currents Developed by Alternating- — 
current Generators Have Sine-wave Forms or wave forms that 
closely approximate that of a true sine wave (see Arts. 517 and 
519). The current in any circuit varies directly as the applied 
e.m.f. It follows from this that, if the e.m.f. wave has a sine- 
wave form, any current due to this e.m.f. must also have a sine- 
wave form. This does not mean that the curve representing 
current (see Fig. 269) will be the same size as the curve repre- 
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senting voltage; it only means that both will have the same 
general shape or form. (See Fig. 269.) The derivations of the 
formulas for many alternating-current calculations are based on 
the assumption of perfect sine-wave forms for alternating e.m.fs. 
and currents. The reason for this is that it is only on the basis 
of true sine curves that is, true sine wave forms, that computa- 
tions can be readily made or equations derived. 

525. Table Indicating E.m.fs. Induced at Given Instants (by 
a loop revolved in a field) and the Instantaneous Currents Im- 
pelled thereby. 

Resistance of circuit = 2 ohms. 


— 


we Time at which reading is taken| Direction} E, volts. |Z, amperes. Current 
sa of e.m.f. | E.m.f. in- | forced through the 
ie Reese and duced at the] circuit at the given 
fete Clock time Degrees Paes current |given instant} instant, T[=H+R= 
a 2:00 P.M. o° Or dilitette.aec 0.00 0 + 2 = 0.0 amp. 
2| Wesec. after2 | 2234 Ke as 3.83 3.83 +2 = 1.9 amp. 
3 246 sec. after 2 45 4g Alte war 7.07 + 2 = 3.5 amp. 
4 346 sec. after 2 67146 346 + 9.24 9.24 + 2 = 4.6 amp. 
5 | 446 sec. after 2 90 4 ofr 10.00 10.00 + 2 = 5.0 amp. 
6 546 sec. after 2 11214 S46 + 9.24 9.24 +2 = 4.6amp. 
7 646. sec. after 2 135 3¢ + Yel uy 4 7.07 + 2 = 3.5 amp. 
8 We sec. after 2 157% Ve + 3.83 3.83 + 2 = 1.9 amp. 
9 846 sec. after 2 180 4 + 0.00 0.00 + 2 = 0.0 amp. 
10 %.— sec. after 2| 20214 %e6 — 3.83 3,83 + 2 = 1.9 amp. 
11 104 sec. after 2 | 225 54 — LOA 7.07 + 2 = 3.5 amp. 
12 11/., sec. after 2 | 24714 1.6 - 9.24 9.24 +2 = 4.6 amp. 
13 1246 sec. after 2| 270 34 - 10.00 110.00 + 2 = 5.0 amp. 
14 13/6 sec. after 2 | 29214 1346 _ 9.24 9.24 + 2 = 4.6 amp. 
15 144. sec. after 2| 315 14 — 7.07 7.07 + 2 = 3.5 amp. 
16 | 1546 sec. after 2 | 33732 1546 - 3.83 3.83 + 2 = 1.9 amp. 
ite@ Me sec. after 2 | 360 1 = 0.00 0.00 + 2 = 0.0 amp. 
18 | 1346 sec. after 2 224% 146 + 3.83 3.83 + 2 = 1.9 amp. 
19 | 1346 sec. after 2 45 1M + 7.07 7.07 + 2 = 3.5 amp. 
20 | 1346 sec. after 2 6746 1346 + 9.24 9,24 +2 = 4.6 amp. 
21 | 1446 sec. after 2 90 14 + 10.00 10.00 + 2 = 5.0 amp. 
22 | 154, sec. after 2 | 11234 1546 se 9.24 9.24 +2 =4.6amp. 
23 | 16{6 sec. after 2 | 135 134 + 7.07 7.07 + 2 = 3.5 amp. 


526. A Sine Curve May Represent the Variation of an 
Alternating E.m.f. or of an Alternating Current with the Time. 
(See Art. 719.)—Sine curves may be drawn to any convenient 


scale. 
2g 
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ExAMPLE.—The heavy line lying radially in the circle to the left of Fig. 
270, which may be considered as revolving (counterclockwise) in the diree- 
tion of the arrow, is called a vector; see also Art. 719. Its length is propor- 
tional to the maximum value (Art. 689) of the alternating e.m.f. or the cur- 
rent which it represents. The vertical distance from the arrow-head point, 
A, of the vector to the horizontal zero line, CD, is, at any given instant as 
the vector revolves proportional to the instantaneous value of the e.m.f. 
or the current at that instant. The lengths of the lines AB represent the 
instantaneous values at the 45-degree instant. 

The length of any such line representing an instantaneous value is 
proportional to the trigonometric sine (Art. 516) of the angle lying between 
the vector and the horizontal line. It is because of this fact that a curve 
like that to the right of Fig. 270 is called a sine curve. 


527. The Alternating Current (amperes) which is forced 
through the circuit of Fig. 255 by the alternating e.m.f. (Art. 
680) induced in the loop, will also vary as the loop is turned, 
that is, it varies as the time elapses. The rate of variation will, 
as with the e.m.f., be proportional to the sine of the angle through 
which the loop has been turned from the neutral position. 
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Fie. 270.—Showing a rotating vector and the sine curve “‘generated”’ thereby. 


The graph or curve indicating this rate of variation will be a sine 
curve. For example, again starting at the neutral position of 
Fig. 257, V, the current through the circuits at this instant would 
be zero. As the loop is rotated (Fig. 258,VII), current is 
forced through the circuit in a direction from collector ring and 
brush W toward and into B. 

The current (amperes) gradually increases in accordance 
with the sine law from position Fig. 257,I, to that of Fig. 259, 
IX. The loop has now been turned through 90 degrees and 
the direction of motion of its sides is at right angles to the direc- 
tion of the flux—the e.m.f. and current are now a maximum. 
As the rotation of the loop is continued (Fig. 260), the current 
decreases until,it having turned through 180 degrees, the posi- 
tion of Fig. 261,XJII, is reached—and the e.m.f. and current 
are again zero. Rotation continuing (Fig. 262,XV), current is 
again forced through the circuit but it now flows away from B 
and into W—it has reversed in direction. 
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The same sequence of increases and decreases and changes in 
direction occur periodically and repeatedly so long as rotation 
is continued. Since the current reverses periodically, that is 
with the time, in direction, obviously, it is by the definition of 
Art. 113 an alternating current. Note that the current attains 
its maximum value when the loop has been turned through 180 
degrees from the neutral or starting position. 


Exampie.—tThe last column of Table 525 shows the values of current at 
different instants as the loop of Fig. 271 is rotated in its field. The maxi- 
mum e.m.f. induced is 10 volts. The resistance of the external circuit is 
2 ohms and the resistance of-the loop itself is assumed to be zero. Fig. 
269,11 shows the graph of this current. 


528. A Graphic or Sine-curve Portraiture of an Alternating 
E.m.f. and the Current It Produces is shown in Fig. 269 for the 
circuit of Fig. 271. The current in any circuit varies as the 
e.m.f. which is forcing it through the circuit varies. This 
must be true in order that the requirements of Ohm’s law (Art. 
134) be satisfied. Since an alternating e.m.f. can be represented 
by a sine curve (Art. 526), it follows that its alternating current 
may also be represented by a sine curve. However, the sine 
curve of a current will be numerically equal to (the same size 
as) the curve of the e.m.f. that produces it only when the re- 
sistance is numerically equal to one. This follows, because 
I=£ +R; now if R=1 then, J = # +1, that is then, 
I =H. If R is greater than 1 and the graphs of both e.mf. and 
current are plotted to the same numerical scale, the current curve 
will lie within the e.m.f. curve as shown in Fig. 269. But 
if R is less than 1, the current curve will lie without the e.m_f. 
curve. 

]ixamMpLye.—Consider the elementary generator and circuit of Fig. 271. 
It will be assumed that the loop there shown is being rotated at the uniform 
rate of 1 turn (or 1 revolution) per sec. The loop is assumed to have no 
resistance but the external circuit has 2 ohms resistance. The flux in the 
field is assumed to be such that the maximum instantaneous e.m.f. induced 
in the loop is 10 volts. That is, at the instants when the sides of the loop 
are cutting lines at right angles—the maximum rate—the e.m.f. then induced 
is 10 volts. The e.m.fs. induced at other instants can be ascertained as 
suggested in Art. 518 by multiplying this maximum e.m.f. by the sine of the 
angle between the neutral position of the loop and its position at the given 
instant. 

The values of the instantaneous e.m.fs. induced at successive instants are 
shown in column ‘‘E” of the Table 525. These values were computed as 
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described above. Now, consider what occurs as the loop, being started 
from the neutral position shown, is rotated at this uniform rate of 1 turn 
or revolution per second. : 

Assume that rotation is commenced at just 2:00 p.m—it could be com- 
menced at any other time just as well but 2:00 p.m. will be taken so that 
there will be a definite starting time. As it is started, at this instant—at 
2:00 p.m.—the loop does not cut any lines because, at this instant,.its sides 
are moving parallel to the direction of the flux. Hence, at this instant, the 
induced e.m.f. is zero asshownin Art. 525. Furthermore, no currentis forced 
through the external circuit at this instant because the e.m.f. is then zero. 
As the rotation is continued, the sides of the loop begin to shear through 
lines and thereby e.m.fs. are induced in the loop. 

However, the e.m.fs. induced at successive instants increase as the rota- 
tion is continued (through the first 90 degrees) because as the sides of the 
loop move further away from the neutral position their rate of cutting be- 
comes greater—they cut more lines per second. ' 
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Fie. 271.—Elementary alternating-current generator forcing current through 


an external circuit. (The sine curves of e.m.f. and current for this arrangement 
are shown in Fig. 269.) 


Now, consider the instant when the loop has been rotated just 2214 
degrees away from the neutral position. The e.m.f.induced at this instant 
is shown as 3.83 volts. Why 3.83 volts? This is the reason: The maxi- 
mum e.m.f. has been assumed to be 10 volts. If this value of 10 volts is 
multiplied by the sine of 2216 degrees, which is 0.383, the instantaneous 
e.m.f. at the 2219-degree position or instant should be the result, as sug- 
gested in Art. 518. Thus: 10 volts X 0.383 = 3.83 volts. Note that this 
224¢-degree position corresponds in every instance to 1/6 revolution be- 


cause 2219 degrees is 1(4 of 360 degrees and 360 degrees always represents 
a complete revolution. 


Note also that since the loop started at 2:00 p.m. and is being rotated at a 
uniform rate of 1 turn or revolution per sec., the loop will have reached 


the 2214-degree position just 1/¢ sec. after 2:00 P.M. Itis evident that the 
position of the loop can be designated by any one of these methods: (1) by 
degrees, (2) by revolutions or parts thereof and (3) by time or by fractions or 


multiples of a second. It is go designated for a number of different posi- 
tions in the table of 524. 


What current is being forced through the circuit of Fig. 271 at this 2244- 


_— 
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degree instant? In the preceding article it was ascertained that the e.m f. 
developed at this instant is 3.83 volts. The entire circuit on which this 
e.m.f. is impressed comprises the loop itself and the external circuit. But 
it has been assumed that the loop has zero resistance. Hence the total 
resistance of the entire circuit is 2 ohms, the resistance of the external circuit. 

By Ohm’s law: I = E +R. Then, the current at this 2214-degree 
instant is: J = H + R = 3.83 +2 =1.9 amp. The current curve in 
Fig. 269 is plotted accordingly. 

By proceeding as suggested above, the e.m.f. and current values at any 
other instants during a revolution of the loop can be ascertained. They 
have, accordingly, been computed and shown in Art. 525 for successive in- 
stants, 2244 degrees—or 6 sec. or Ko revolution—apart. These values 
have then been plotted in the graph of Fig. 269. This graph shows pic- 
torially the relation of an alternating e.m-f. to the current it forces through 
a circuit under the conditions specified. Since it requires 1 sec. for the 
e.m.f. of this elementary generator (Fig. 271) to complete 1 cycle, it has a 
frequency (Art. 682) of 1 cycle per sec. 

After the loop has rotated through 180 degrees the direction of the e.m.f. 
induced in it will be reversed as de- 
scribed in Art. 514. The direction of 
the current will then be reversed cor- 
respondingly. This is shown by the 
change from the + to the — sign in 
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e.m.fs. and currents as described in 
Art. 522. 

As long as the rotation of the loop 
is continued, the emf. and current Fy¢. 272.—Sectional view of two-seg- 
will continue to vary and reverse reg- ment commutator. 
ularly. The reversals will occur at 
each successive 14 sec. The current and e.m.f. will vary in accordance with 
the sine law as indicated in the graph of Fig. 269. 


External Circuit--, 


529. A Commutator (Fig. 272) may be defined as a device 
or rectifier for changing in one portion of a circuit the directions 
of the e.m.f. or current produced in another portion. Ordinarily, 
a commutator is used for changing an alternating e.m.f. or current 
to a direct e.m.f. or current. The process involved in this chang- 
ing may be referred to as commutation or rectification. Large 
commutators are shown in Figs. 314 and 315. 


ExampLe.—The commutator on the loop of the elementary generator of 
Fig. 273 rectifies the alternating e.m.f. induced in the loop (the graph of 
which is shown in the lower portion of the figure) in Fig. 268,/ so that a 
direct e.m.f. (Fig. 268, IZ) is impressed on the external circuit. This process 
of rectification is described in another article. 
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530. To Produce a Direct E.m.f. with a Generator, the 
Alternating E.m.f. Induced in Its Armature Is Rectified with a 
Commutator.—A simple commutator is shown in Fig. 273 con- 
nected to a loop which may be rotated in a magnetic field. One- 
half of the loop and its commutator segment are painted black 
and the other side and segment are white, merely for identifica- 
tion. A consideration of the following example will make it 
clear as to how a commutator rectzfies the alternating e.m.f. 
which is always induced (Art. 520), in a loop which is rotated in 
a field. 


ExampLe.—Refer to Fig. 273. The commutator segments are electrically 
connected to their respective sides of the loop but they are insulated from 
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Fie, 273,—Commutator arranged on loop in field. 


each other and from the shaft by an air gap. The shaft is insulated from 
the loop. Assume that the loop is rotated at a uniform rate in a clockwise 
direction by turning the crank. Fig. 274,J, which is a duplicate of 273 
except that it is a simplified sectional view, shows conditions at the starting 
instant. No. e.m.f. is induced inthe loop at this instant because its sides 
are then moving in a direction parallel to that of the flux. 

Rotation is continued. After the loop has been rotated through 140 
revolution the conditions are as indicated at JJ. At this instant the sides 
of the loop are cutting lines and an e.m/f. is being induced which forces 
current through the loop and external circuit. By applying the hand rule 
of Art. 513 it will be found that the direction of the e.m.f. and current is 
in in the white side of the loop (shown by the cross) and out of the black side 
(as shown by the dot). Hence, the current is forced out through the brush 
marked + and enters the brush marked —. B, is then the positive polarity 
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Fie. 274.—Conducting loop with commutator rotating in a field. 
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(++) brush because the e.m.f. is directed away from it and because the cur- 
rent flows out of it. B, is the negative polarity (—) brush because the 
direction of the e.m-f. is into it and because the current flows into it. 

If this elementary generator is to impress a direct e.m.f. on and force a 
direct current through its external circuit as long as its rotation is con- 
tinued, the current must continue to flow out of Bz and to flow into Bi. 
It will, by virtue of the commutator, do this as will be shown. 

As the rotation of the loop is continued it passes through the positions 
of Fig. 275,JII and IV. The direction of the e.m.f. and current in the 
loop remains (hand rule, Art. 427) out of the black side and in the white 
side of the loop as indicated by the dot and the cross respectively in the 
illustration. B, retains its — polarity and B. its + polarity. 

Now, as the rotation is continued, at the instant, pictured in Fig. 276,V, 
when the sides of the loop are moving parallel to the direction of the lines 


of force, no e.m.f. is induced in either the white or the black side of the loop. — 


VI- 3} Revolution VII- 3 or 3 Revolution 


Fia 277.—Positions of conducting loop as its rotation continues. 


Hence, at this instant, there can be no current—the brushes are neither 


) 


positive nor negative. Note that, at this instant, the brushes bridge both 


commutator bars. 

As the turning of the loop is continued the instant depicted in Fig. 277, VI 
is reached. The sides of the loop are again cutting lines and an e.mf. 
and current are again induced. But now the current and e.m.f. direction 
is in in the black side and out of the white side. Note that the direction of 
e.m.f. and current has reversed in the loop. But at the instant the direction 
within the loop started to reverse, the white commutator segment slid out 
from contact with brush B; and the black segment slid into contact with it- 
A similar change occurred with the segments at brush By. This change of 
brush contact from one segment to the other at the proper instant—that is, 
when the direction of e.m.f. in the loop reverses—maintains the e.m.f. im- 
pressed on the external circuit always in the same direction in spite of the 
fact that the direction of e.m.f. in the loop changes in direction once during 
each revolution. This illustrates the function and action of the commu- 
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tator. Fig. 278 shows the situation in one illustration. Compare this 
with Fig. 263. ; 

As the rotation of the loop is continued it passes successively through the 
positions shown in Figs. 277,V/I and 279,VIIT and IX, the direction of 
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.m.f. and current in the external cireuit remaining out of B, and into B, 
uring the instants when the sides of the loop are cutting lines. As the 
op is rotated the e.m.f. induced in it varies at different instants as described 
1 the discussion of the elementary alternating-current generator. 
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531. A Loop or a Coil of a Few Concentrated Turns When 
Provided with a Commutator and Rotated in a Field Produces 
a Pulsating E.m.f.—and current if the external circuit is closed. 
See Art. 110 for definition of a pulsating e.m.f. or current. 
Thus the graph of Fig. 268,//, for the arrangement of Fig. 273 
is that of a pulsating current. All pulsating currents are direct 
currents but the reverse is not true. To produce a continuous 
(Art. 108) direct current the graph of which would be about 
like that of Fig. 298, it is necessary to interconnect several groups 
of coils to commutator bars in a manner indicated in Art. 565. 

532. The Fundamental Difference Between an Alternating- 
current and a Direct-current Generator is that the alternating- 
current machine impresses on the external circuit connected to 
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Fie. 279.—Final positions of conducting loop. 


it an e.m.f. which regularly varies in magnitude and in direction 
in accordance with the sine law (Art. 525) as shown in the graph 
of Fig. 268,J. A direct-current generator impresses on its 
external circuit an e.m.f. (Fig. 249) which is always in the same 
direction (for a given arrangement of connections) and which 
remains practically constant in magnitude. These distinctions 
logically follow from the definitions of a direct current (Art. 
107) and of an alternating current (Art. 113). The mechanical 
differences between these two types of machines are discussed in 
following articles. 

533. A Graphic Comparison of the E.m.fs. of Elementary 
Alternating and Direct-current Generators is given in Fig. 268, 
wherein I shows the curve of e.m.f. induced in the loop and 
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impressed on the line by a loop like that of Fig. 255,J when 
it is rotated. It is assumed that at the instant when the sides 
of this loop are cutting lines at right angles—at the maximum 
rate—the e.m.f. is then 9 volts. The graph is plotted on this 
basis. Now if a commutator is added to the loop, as in Fig. 273, 
the e.m.f. induced in the loop when it is rotated in the field can 
still be represented by the graph of Fig. 268,J. But the e.m.f. 
impressed on the external circuit would then be represented by 
the graph of JJ. A comparison of Figs. 263 and 278 will further 
illustrate this idea. 

534. An Armature of an Electric Generator comprises: (1) 
the conducting loops in which the e.m.f. is induced, when the 
loops cut or are cut by the magnetic flux, and (2) the structure im- 
mediately associated with them. The armature of an actual ma- 


Direction of 
EMF at this 
Instant 


el 


I - Two-Turn Coil I-Three-Turn Coil 
Fia. 280.—Inductor coils of two and three turns. 
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chine is usually thought of as comprising the armature winding 
or conducting loops, the iron core or structure on which the 
loops are wound and the necessary insulation which prevents the 
turns of the loops from making electrical contact with each other 
or with the armature iron. 

Exampies.—The loops of the elementary generators shown in Figs. 255, 
273 and 280 may be considered as primitive revolving armatures. The re- 
volving armature of a magneto generator is shown in Fig. 281. The revolv- 


ing armature of an actual direct-current generator is shown in Fig. 312. 
The stationary armature of an alternating-current generator is illustrated 


in Fig. 394. 

535. Every Generator Must Have an Armature and a Field, 
that is, a magnetic field (Art. 61). This statement is perfectly 
general and applies to all dynamos or electric generators both 
alternating and direct current. The distinctive features of the 
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field structures and armatures of the machines of these two 
general types are described in the specific articles relating to them. 

536. Generators May Have Stationary Armatures and Re- 
volving Fields or the Reverse.—Commercial direct-current 
generators always have stationary field structures and rotating 
armatures. Theoretically, direct-current generators could be 
made which would have stationary armatures and rotating fields. 
Modern alternating-current generators—except possibly the very 
smallest ones—always have rotating fields and stationary 
armatures. 

ExampLes.—Figs. 285 and 286 delineate a direct-current generator and its 
rotating armature. Fig. 384 shows a small alternating-current generator 
having a stationary field structure and a revolving armature while Fig. 389 


illustrates a modern alternating-current generator having a stationary 
armature and a rotating field structure. 


537. The Factors That Determine the Voltage Developed 
by Any Generator are: (1) The flux or ¢, that is, the number of 
lines of force which are cut by or cut the armature conductors. 
(2) The number of cutting conductors on the armature which cut 
the flux. (8) The speed at which the conductors move through 
the flux. Obviously these three factors determine the rate of 
cutting which as outlined in Art. 438 always determines the in- 
tensity of an induced emf. If the flux, the number of cutting 
conductors or the speed of the cutting conductors is increased, 
the e.m.f. induced is increased proportionately. If any one or 
two or all of these factors is decreased the e.m.f. will be decreased 
accordingly. The above noted factors are combined into an 
equation in Art. 542. 

538. The Amount of Flux Which Is Cut by the Armature 
Conductors of a Generator is determined largely by the size and 
design of the machine, Obviously it is desirable to have the 
flux in each case as great as is consistent with economical design. 
To secure the greatest flux compatible with economy the portion 
of the generator which carries the flux should have low reluc- 
tance (Art. 227) that is, high permeance (Art. 238). Conse- 
quenty the air gaps which the flux must cross should be as short 
as possible. The conductors which cut or are cut by the flux are 
wound on iron cores to insure low reluctance. 

539. Increasing the Number of Cutting Conductors can be 
effected by increasing the number of turns in the armature coil— 
or by increasing the number of coils as described under “ Direct- 
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current Generators.” In alternating-current generators which 
have stationary armatures (Art. 707) the number of coils or the 
number of turns per coil may be increased in a somewhat similar 
way. For example a rotating armature coil may comprise a 
number of turrs as in Fig. 280. The e.m.f. induced in any one 
turn of the coil will be equal, approximately, to that induced in 
each of the other turns. These e.m.fs. act in conjunction or 
in series and the greater the number of turns the greater the 
e.m.f. If 1 volt is induced in each turn, a coil of 5 turns would 
induce an e.m.f. of 5 volts. That the e.m.fs. in the different 
turns do act conjunctively can be verified by applying the hand 
rule of Art. 427. 

While e.m.f. can, theoretically, be increased to any extent 
desired by increasing the number of turns there are other con- 
siderations that tend to limit the number of turns per coil 
feasible in a practical machine. If a coil of many turns is to 
occupy the same space as one of a few turns, smaller wire must 
be used for the many-turn coil. But in every case the wire 
comprising a coil must be sufficiently large that it will not be- 
come excessively hot when the generator operates continuously 
at its full load and the coil is carrying its full-load current. 
Furthermore, although the e.m.f. may be increased by increasing 
the number of turns, the resistance of the coil also increases 
directly as the number of turns. Great resistance in the arma- 
ture circuit will involve considerable power loss, heating and 
voltage drop in the machine, which are obviously objectionable. 
‘The line current in the external circuit served by a generator, or 
it least a certain definite proportion of it, flows in every armature 
soil and this current is always relatively large.) 

The necessary insulation on the armature or coil conductors 
urther increases the space required by them and since, because 
yf certain design considerations, the space allowed for the con- 
luctors is limited (usually it is a slot in the armature core) the 
1umber of turns in the average coil does not ordinarily exceed 
} or 8. However, a number of coils can be arranged on the 
ame armature to increase the e.m.f. as described in Art. 537. 


PixampLe.—The armature of the magneto generator described in Art. 543 
; an example of an armature having a winding of many turns. 


540. The Speed at Which the Armature Conductors Move, 
hat is the revolutions per minute of the armature, is limited by 
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considerations of safety and economy. (In modern alternating- 
current generators the armature conductors are almost invariably 
stationary and the field structure rotates; in direct-current 
generators, the armature rotates and the field structure is sta- 
tionary.) Where a generator is to be direct-connected to an 
engine or other prime mover, the prime-mover speed determines 
the generator speed. In any case the probable speed of the prime 
mover must be considered. Excessively high speeds are not 
‘permissible because of the great centrifugal stresses they impose. 

A peripheral speed of about a mile a minute is probably 
the upper limit for armatures of ordinary machines but higher 
speeds can be and have been used. Greater speeds are used in 
small generators than in large ones. 

541. The Inductors (Fig. 282) of an armature are the conduc- 
tors in which the e.m.f.isinduced. Usually, each of the two sides 
of every turn in an armature coil is an inductor. However, with 
coils wound in certain ways (Art. 572) only one of the sides of a 
turn may be an inductor. Thus, as a rule, every turn of an 
armature coil comprises two inductors. The end turns of arma- 
ture coils do not ordinarily cut flux but move parallel to the lines 
of the flux when the coil rotates and are not, therefore, effective 
in inducing e.m.f. and hence are not inductors. 


Exampues.—The armature coil of Fig. 282 has 2 turns and 4 inductors. 
The loop of Fig. 255 has 1 turn and 2 inductors. The coil of Fig. 280, I 
also has 2 turns and 4 inductors while that of JJ has 3 turns and 6 inductors. 


542. The E.m.f. Induced in Any Coil Which Is Rotated in a 
Magnetic Field may be computed on the following basis: If the 
number of lines cut per second by a single inductor of the coil be 
divided by 10° (Art. 444), the result will be the average e.m.f., 
in volts, induced in that inductor during that second. Then the 
total average e.m.f. induced in the coil will be the average e.mf. 
per inductor multiplied by the number of inductors in series. 
Proceeding on the basis of the principle just outlined, the follow- 
ing formula (117) for the e.m.f. induced in a coil which is rotated 
in a magnetic field may be derived: 

Let the symbol ¢r stand for the total number of lines cut 
by each inductor or side of each turn of the coil during one revolu- 
tion of the coil. Then the total number of lines cut by all of the 
inductors of the coil, per revolution, will be equal to the number 
of inductors in the coil multiplied by the total number of lines 
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that are cut by each inductor per revolution. Let C = the 
nuinber of inductors in the coil. Then, ¢7 X C = the total num- 
ber of lines cut by all of the inductors of the coil per revolution. 
— Nowifr.p.m. = the revolutions per minute of the coil, it follows 
that 7.p.m. + 60 = the number of its revolutions per second, 
since there are 60 sec. in a minute. If the number of lines cut per 
revolution be multiplied by the revolutions per second, the result 
will be the total number of lines cut persecond. Hence, (¢7 X C) 
X (r.p.m. + 60) = total number of lines cut per second by all of the 
turns of the coil. As stated above, if this total number of lines 
cut per second be divided by 10% (100,000,000), the result will be 
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Fia. 281.—Armature of magneto generator. 


the average e.m.f. in volts, the quantity sought. Expressing 
the above operations in an equation: 
br CX T-p.m. 1 

re rT : ts 
eae E's = 199,000,000 X 60 yale 
Wherein On = flux or total number of lines of force cut by each 
inductor during one (1) revolution. 7.p.m. = number of revolu- 
tions per minute. C = number of inductors (Art. 541) which 
are in series and form one circuit between brushes or collector 
rings of opposite polarity. Ha = average e.m.f. in volts in- 
duced in the rotating coil; see note following. 


Norre.—The above formula will not give results which are strictly accur- 
ate for alternating-current armatures where the inductors are widely dis- 
tributed over the surface of the armature (Arts. 539 and 563). Where the 
inductors are concentrated, that is where they are grouped quite closely 
together as in Fig. 281, the result given will be quite accurate for alternating- 
current machines. The result given will be strictly accurate for all direct- 
current generators. Note also that the term average emf, has a specific 
meaning (Art. 690) when applied to an alternating e.m.f, 
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age Teale average e.m.f. would be indueed in the loop of Fig. 255 
if it be rotated at the rate of 1,800 r.p.m. and the flux is 400 kilolines, that 
is 400,000 lines? Soxtution.—Each inductor or side of the loop cuts the 
flux twice per revolution, hence ¢r = 2 X 400,000 = 800,000. The num- 
ber of inductors in series between collector rings is two. Substituting in 
the formula (117): 


or X CX r.p.m. 800,000 x 2 X 1,800 


— = = 4, te 
#4 = 100,000,000 X 60 ~ 100,000,000 x 60 ~ 0-48 2 


This would be an alternating e.m-f. 

ExampLe.—See example under Art. 543, the magneto generator, for 
another illustration of the application of this equation. 

Exampie.—What average e.m.f. would be induced in the loop of the ele- 
mentary direct-current generator (Fig. 273) if it were rotated at a speed 
of 1,200 r.p.m., assuming that the flux is 800,000 lines? Sonutron.—Each 
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Fie. 282.—TIllustrating inductors Fie. 283.—Elements of a magneto 
and end turns. generator. 


inductor or side of the loop cuts the flux twice per revolution, therefore 
¢r =2 X 800,000= 1,600,000 lines. The number of inductors in series be- 
tween brushes is two. Now substituting in the formula (117): 

or X CX r.p.m. _ 1,600,000 X 2 x 1,200 Tyre © 
100,000,000 X 60 ~ 100,000,000 x 60 ~ 2-84 volt. 

This is a direct e.m.f. 


Ha X 


543. The Magneto Generator (Figs. 281, 283 and 284) such 
as is used in local-battery telephone instruments and in magneto 
testing sets offers an example of a small generator illustrating 
the essential principles. Its construction also illustrates the 
fact that by connecting a number of inductors or coil turns in 
series, a relatively high total e.m.f. may be induced. The 
armature winding consists of a single length of wire, wound into a 
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coil of many turns, around the armature-core casting; lence all 
of the inductors are in series. The flux is produced by several 
steel, permanent magnets. Usually these magnetos are provided 
with collector rings or their equivalent and hence impress alter- 
nating e.m.fs. on the circuit connected to them. However, they 
can be—and are for certain special purposes—equipped with a 
commutator and then they impress direct, pulsating e.m.fs. on 
the external circuit. The effective e.m.f. (Art. 691) of the aver- 
age magneto generator is about 60 to 75 volts. 

ExampLe.—When a certain magneto generator is turned at a uniform 


speed of 100 r.p.m., the alternating e.m.f. it produces at its terminals is 70 
volts, as indicated by a voltmeter there connected. The armature is wound 
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Fic. 284.—Magneto generator assembled. 


with 3,000 turns of wire. What is the flux produced by the permanent mag- 
nets. Soxiurrion.—Hach turn of the armature winding obviously has two 
sides or inductors, hence the total number of inductors is: 2 X 3000 = 
6,000 inductors. A voltmeter connected to an alternating-current circuit 
always indicates the effective e.m.f. (Art. 695) of the circuit. But the sym- 
bol #, in the formula of 117 stands for the average e.m.f. (Art. 690) or Hav. 
Now (Art. 697): Ha:= 0.901 X EF. = 0.901 X 70 = 63.5 volts = average 
e.m.f. Now substitute in the formula: 


108 X 60 X Ea _ 100,000,000 x 60 x 63.5 


Ce Dati: ~ 6,000 x 100 


This means that 635,000 lines is the total flux cut. Half of this or 635,000 
+ 2 = 317,500 lines of force span the gap wherein the armature is rotated. 
(In the above example it is assumed that a magneto generator produces an 
am.f. of true sine-wave form (Art. 517). In practice this is not strictly 
true as the wave form is usually rather peaked. The actual e.m.f. induced 
will be somewkat greater than that given by the above formula.) 


22 


or = = 635,000 lines. 
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544. Constant-potential and Constant-current Generators. 
All commercial generators may be divided into the two classes or 
groups just specified. 


A CoNSTANT-POTENTIAL OR CONSTANT-E.M.F. GENERATOR is one which 
will, under normal conditions, impress a practically constant e.m.f. or voltage 
on the external circuit connected to it. (The term “constant difference of 
potential” is a better one than “constant potential”? because it better de- 
scribes the machine.) Nearly all modern, commercial generators, both alter- 
nating-current and direct-current, except the relatively few used directly 
for series street lighting and other series circuits, are constant e.m.f. gener- 
ators. In practice, the term “constant e.m.f.’’ is applied when the e.m.f. 
referred to never varies more than, say, 10 per cent. from a constant value. 
Constant e.m.f. generators are designed to have their armatures rotated at 
practically constant speeds. 

The current in the external circuit of a constant e.m.f. generator—and in 
the generator—will, in accordance with Ohm’s law (Art. 134), vary inversely 
as the resistance of the external circuit. The circuits connected to a con- 
stant-potential machine are parallel circuits (Art. 191)—the receiving devices 
such as lamps and motors are connected in parallel to the circuits. 

Notr.—By adjusting the field rheostat (Art. 562) of a constant e.m.f. 
generator, the voltage which it impresses on the external circuit may be 
varied within a considerable range. Also, by adjusting the field rheostat, 
the impressed voltage may be held practically constant, even if the prime- 
mover speed decreases or increases somewhat. 

ExampLr.—Constant e.m.f. generators are used for all indoor incandes- 
cent lighting, railway traction, multiple are lighting and electrical power 
transmission in North America. The transmission circuits in all of these 
cases are parallel or multiple circuits. 

A ConsTANT-CURRENT GENERATOR (see Art. 109 for definition of “con- 
stant current”) is one which maintains a constant current in the external 
series (Art. 187) circuit connected to it, the terminal e.m.f. of the machine 
varying as the resistance of the external circuit changes. Practically all 
constant-current generators are direct-current and they are seldom used 
now. About their only application in North America is for series street 
lighting. They were formerly used to some extent in this country and are 
now used in certain cases in Europe for the transmission of electrical energy. 
See author’s Amertcan ELECTRICIANS’ Hanpsook for method of varying 
impressed e.m.f. so as to maintain current constant. 

EXamp.y.—In series street lighting circuits the current is maintained at 
about 10 amp. The lighting devices are connected in series so this constant 
current flows through them in tandem. The emf. required to force a cur- 
rent through a lighting device having a resistance of 5 ohms would be 
(—H = I X R = 10 X 5) 50 volts. Then if 100 such lighting devices were 
connected on one circuit the generator would have to impress: 100 x 50 
volts = 5,000 volts on the circuit to circulate this 10-amp. current. A small 
additional e.m.f. would also be required to overcome the ZR drop in the 
line wires, 


The constant-current series system of distribution is economical of copper 
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where the circuits are very long as in street lighting. No. 6 copper is usu- 
ally employed for these circuits. Each unit on the series circuit must re- 
ceive its proper proportion of energy, since the current is maintained con- 
stant. Its disadvantages are its high potential and the fact that motors and 
similar devices to operate on constant current can not be designed readily. 
Lamps and other devices for use on constant-current circuits are provided 
with automatic cut-outs which automatically provide a short-circuit path 
around the device if it accidentally opens or develops other troubles. 


545. Direct-current Generators.—It has hereinbefore been 
shown (Art. 520) that an alternating e.m.f. is induced in the 
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Frq. 285.—Assembly view of a small direct-current compound-wound gener- 
ator. (This is the same Allis-Chalmers machine, a disassembled view of which 
is shown in Fig. 286.) 


armatures of all generators but that, when a suitable commutator 
is provided, this alternating e.m.f. may be so rectified that an 
e.m.f. which is always in the same direction—a direct e.m.f.— 
may be impressed on the external circuit. Generators designed 
to thus produce direct e.m.fs. are direct-current generators. 
The fundamental principles of these machines have already been 
briefly indicated. In following articles their principal charac- 
teristics will be considered. 

546. The Necessary Components of a Direct-current Gen- 
erator are:—(1) A field structure, (2) an armature, (3) a commu- 
fator and (4) brushes. Each of these essential parts is shown 
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in an assembled machine in Fig. 285, and in a disassembled one 
in Fig. 286. The functions, construction and general arrange- 
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Fia. 286.—Dissembled view of the small direct-current generator (Allis-Chal- 
mers Electric Company). 


ment of these different components are treated in articles which 
follow. 


SECTION 30 
DIRECT-CURRENT GENERATOR FIELD STRUCTURES 


547. A Magnetic Field Is Necessary in Every Generator as 
indicated in Art. 535 so that the inductors can cut or be cut by 
this field and thereby have induced in them an e.m.f. 

548. Methods of Producing the Field. Field Magnets.— 
The magnetic field of a generator is produced by field magnets 
which may be either permanent magnets or electromagnets. 
However, very powerful fields are essential in most commercial 
generators and these can be obtained only with electromagnets. 
Another disadvantage of perma- 
nent magnets is that with them 
there is no method of conven- 


Yoke, 


iently controlling or varying 
their strengths. Sometimes the 


fields of very small generators, 


such as magnetos (Art. 543) used 
for telephone signaling and in- 
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ternal-combustion engine igni- 
tion, are produced by permanent 
magnets. In all generators used 
for electric lighting, energy trans- 
mission and industrial applica- 
tions the fields are produced by 
electromagnets. The field mag- Fi Bkipeie aerate. HE of 
nets of every generator are 

modified horseshoe-shaped magnets. It will be found that in 
every case each magnet unit consists of a yoke and two legs the 
ends of which form the poles. The legs are so disposed that the 
armature revolves between them. 


Exampie.—Fig. 287 shows (diagrammatically) a generator. Note that 
the field magnet is essentially of horseshoe form. Note also the same con- 
dition in the magneto generator of Fig. 284. Considering the multipolar 
generator of Fig. 288, each pair of magnet coils and the portion of the 
magnetic circuit associated with them in reality comprise a horseshoe 


magnet. 
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549. The Field Structure (Fig. 288) is that portion of a gen- 
erator comprising and immediately associated with its field 
magnets. The field coils or magnet coils (Fig. 289) are the 
insulated copper wire or strap coils through which electrons are 
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forced to produce the magnetic field. Frequently, particularly 
in the large machines, these coils are (Fig. 289, I) provided with 
air spaces between layers or turns to facilitate ventilation. 
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Fra. 289.—Field coils. (Note how the series coil of I is composed of bar cop- 
per with spaces between its turns to assure effective ventilation and cooling. Also 
note the space between the series and the shunt coil for the same purpose.) 


The magnet cores (Fig. 290) are of soft iron or steel to minimize 
hysteresis losses and are frequently, particularly in the larger 
machines, laminated to minimize eddy-current losses. Fig. 
291 shows the magnet core of a large machine thus laminated. 
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he ends of the cores which are nearest the armature are flared 
ut into pole shoes, sometimes called pole pieces or, merely, 
“shoes.” The shoes are occasionally separate blocks of metal 
s in Fig. 287 but more often they comprise enlarged portions 
f the material of the core. Shoes are provided for three reasons: 
1) They decrease the distance between the end of the core and 


‘Holes for Stud Bolts 


IL- Laminated Core 
Fie. 290.—Laminated magnet-core for a direct-current generator. 


he armature. (2) They spread the flux along the armature 
ind produce the most effective distribution thereof. (3) They 
serve to hold the magnet coils in place. 

550. Direct-current Generators May Be Classified or grouped 
n accordance with: (1) The number of poles, Art. 551. (2) 
The method of field excitation, Art. 553. (3) The type of field 
vinding, Art. 557. All three 
lassifications are applicable to 
he same generator. That is, to 
omprehensively describe a 
lirect-current generator one 
hould indicate: (a) How many 
oles it has. (b) How its fields 
re excited or magnetized. (c) 
The type of winding used for its 
elds, ‘These differentclassificn 201. Showing the laminated 
ions and their subclassifications Wayne direct-current generator. 

vill be described. 

551. In Classifying Direct-current Generators on the Basis 
f Number of Poles, they may be grouped into: (1) bipolar and 
2) multipolar machines. Bipolar machines are those which 
ave only two magnet cores or “‘poles.’’ Multipolar machines 
ave more than two magnet cores or ‘‘poles.”’ The bipolar 
esign though formerly used exclusively is now applied for only 
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the smallest machines. See Art. 594 for an outline of the ad- 
vantages of the multipolar design. 


Exampues.—Fig. 287 shows the general characteristics of the bipolar 
design while Figs 285 and 288 show multipolar machines. 


552. The Arrangement of Poles is- always such that they 
alternate in polarity around the frame. This is true of the poles 
of all generators, both slternating-current and direct-current. 

EXAMPLE.—In Fig. 288, the shoes alternate in polarity thus, NSNS 
around the frame. This same principle is also shown in following illustra- 
tions. 

553. There Are Two Methods of Field Excitation used for 
direct-current generators. A machine may be either (1) sepa- 
rately excited (Fig. 292) or (2) self-excited. 
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Fia. 292.—Diagrams of a separately-excited, direct- or continuous-current 
generator serving an electro-plating vat. 


554. Separately-Excited Generators are sometimes, though 
infrequently, used. The current which flows in the field magnet 
coils is impelled by some source other than the generator itself. 
Such machines are used in special cases (for testing in electrical 
machine factories) where very close regulation of the field strength 
is desirable and for electrolytic or electroplating work where it 
is of importance that the polarity of the machine be not reversed. 
Another generator or a storage battery (Fig. 292) may be used 
for impelling the excitation current. The field magnets may be 
wound for any desirable voltage which may be available, inas- 
much as they have no electrical connection with the armature 
of the separately-excited machine. Practically all alternating- 
current generators are separately excited as indicated in Art. 555. 

555. Self-excited Generators.—Practically all direct-current 
generators are self-excited. That is, the current which excites 
or magnetizes their field magnets is impelled by the armature 
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0f the generator itself. The field current of a_self-excited 
enerator is determined almost entirely by the brush voltage of 
he machine. 


Exampie.—Fig. 293 shows typical diagrams of self-excited generators. 
ote that in each case the field windings are so connected that the e.m.f. 
duced in the armature of the generator forces the current, which magnetizes 
e field magnets, to flow around the field coils. 


556. The Excitation of Self-excited Generator Field Magnets. 
It is not readily apparent why a machine should be self-exciting 
ecause the current which magnetizes the fields must be impelled 
y the e.m.f. induced in the armature inductors when they cut 
ux. And it seems reasonable that there should be no flux 
cut until a current is circulating in the field coils. The 
planation is that practically all commercial iron and steel has 
me residual magnetism—magnetism retained in the material— 
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Fie. 293.—Rheostats for field strength control. 


hich causes the generator to build up. Hence, there is prac- 
cally always, when a machine is not in operation, a weak 
ough appreciable flux emanating from the poles. Then, 
hen the armature is caused to rotate, its inductors (Art. 541) 
it this flux and a low voltage is induced in the armature. This 
tage impels a current through the field coils which increases 
e flux. This, in turn, increases the current in the field coils 
hich still further increases the flux. The increases continue 
til the saturation point (Art. 248) and the normal voltage of 
e machine are attained. All self-exciting machines ‘build 
»”” in this same manner, 


Notn.—“ Building up” may require 20 to 30 sec. Occasionally machines 
pear to lose all of their residual magnetism and will not build up. Then, 
ile the machine is being started, the fields must be excited weakly by using 
xe source of low e.m.f. (for example, several dry cells in series, or a low- 
tage direct-current lighting circuit) to force current through the field 
is and produce an initial magnetization. Usually, after this treatment 
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the machine will build up satisfactorily. Sometimes the earth’s field, Art. 
51, can be made to induce the initial magnetization. See the author’s 
Exrcrrica, Macurnery for detailed directions as to how to make machines 
build up. 


557. The Three Types of Field Windings.—The field-magnet 
windings of direct-current, self-excited generators may be ar- 
ranged or connected so as to produce the required number of 
ampere turns to develop the necessary flux, in accordance 
with one of three different methods. Generators may, therefore, 
be classed as regards their method of field winding arrangement 
into: (1) Series-wound generators, Fig. 294 and Art. 558. (2) 
Shunt-wound generators, Fig. 295 and Art. 559. (3) Compound- 
wound generators, Fig. 296 and Art. 560. Each of these types has 
distinctive characteristics and is inherently fitted for certain 
services as will be shown. 
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Fie. 294.—Diagrams of a series or series-wound generator. 


558. Series Generators, Fig. 294, have their armatures, 
field coils and external circuits, all in series. The same current 
flows in the external circuit, the field coils and the armature— 
obviously this must be true since these components are in series. 
See Art. 187, series circuit. The applications and characteristies 
of series generators are discussed in Art. 618. Since the current 
in the series field coil is relatively large, a comparatively small 
number of turns produces the required ampere-turns for magnet- 
ization. 

559. Shunt-wound Generators (Fig. 295) have their field 
windings connected in shunt or parallel with the armature. 
Hence the current in the field coils is only a portion of that in 
the armature. Since the armature e.m.f. is impressed across the 
shunt field winding, it follows that the current in the field wind- 
ing will, in accordance with Ohm’s law, be determined by its 
resistance. Usually shunt-wound machines are so proportioned 
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hat from 5 per cent. (small machines) to 1 per cent. (large 
achines) of the total armature current circulates in the field 

roils. Inasmuch as the shuntfield current is relatively small, a 
uch larger number of field turns is required than in series 
achine coils to produce the necessary ampere-turns for 
agnetization. 


Armature Externa/ Circuit 
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Fie. 295.—Diagrams of a shunt-wound generator. 


Norr.—By Ohm’s law, the current circulating through the shunt field 
winding is: J = EH + R = (the e.m.f. across brushes of opposite polarity) + 
(the resistance of the field winding + the resistance of the field rheostat.) The 
vurrent circulating through the armature of a shunt generator equals: 
(the current in the field winding) + (the current in the external circuit.) 


560. Compound-wound Generators (Fig. 296) are hybrids, 
gartaking of the characteristics of series and of shunt machines. 
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I- Diagram Il-Elementary Circuit 
Fig. 296.—Diagrams of a compound-wound generator. 


[be main-line current (or a certain definite proportion of it 
vhen a series shunt is provided) flows in the series coil. Hence 
he series-coil current varies with the load. The shunt coil is 
onnected directly across the armature and the current forced 
hrough the coil by the armature e.m.f. is always the same 
practically) and is inversely proportional to the shunt-field 
ircuit resistance. 


380 PRACTICAL ELECTRICITY [Arr. 561 


561. Long-shunt and Short-shunt Connections for compound- 
wound generators are illustrated in Fig. 297. A short-shunt field 
connection is one wherein the shunt-field winding is connected 
directly across the brushes or armature. A long-shunt field 
connection is one where the shunt-field winding is connected across 
the armature and the series-field winding. Any compound- 
wound generator can be readily changed from a short-shunt to a 
long-shunt machine or vice versa by merely altering the field 
connection accordingly. The effect of each of these connections 
on the performance of the generator is discussed in the author’s: 
AmERICAN ExectriciAns’ HanpBook and in his ELEcTRICcAL 
MACHINERY. 

562. The Methods of Controlling Field Strength are indicated 
diagrammatically in Fig. 293. The rotational speeds (rp. m.) 
of generators are constant (that is, they do not vary more than 
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Fie. 297.—Long and short shunt connections of compound-wound generator 


a few per cent.), hence the only feasible way of controlling or 
varying the rate of cutting flux, the e.m.f. that the machine 
produces, is by varying the flux or the field strength. Where a 
generator has a shunt-field winding, the field strength may be 
varied by altering the shunt-field current by incorporating 
rheostat in series with it. Increasing or decreasing the resistance 
in the field circuit by moving the rheostat handle decreases 
increases the field current and consequently the flux. 

With a generator having a series winding, field control may f 
effected by arranging a rheostat in shunt, Fig. 293, IJ, wit 
the winding. With the rheostat circuit open, line current flows 
in the series coil and the flux is a maximum. But if current is 
~ permitted to flow in the rheostat circuit, the current in the 
series coil is decreased accordingly. By varying the resistance 
in circuit in the field rheostat, the flux is correspondingly varied. 


SECTION 31 


RINCIPLES OF DIRECT-CURRENT GENERATOR ARMA- 
TURES 


563. The Function of a Direct-current Armature is, for 
enerators for most commercial purposes, to produce an un- 
arying, continuous e.m.f. The definition of an armature is 
iven in Art. 534. In Art: 530 the method whereby the alternat- 
g e.m.f. induced in a rotating loop may be rectified into a direct 
-m.f. in the external circuit is explained. However, the e.m. 
us produced by the loop, as shown in Fig. 268, JI, is a pulsat- 
g e.m. f. because it is always in the same direction. Obviously, 
is pulsating e.m.f. would not be applicable for a majority of 
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Fie. 298.—Graph of a practically (oustane e.m.f, 


pplications because it consists merely of a series of impulses. 
low armatures may be arranged so as to produce the “‘smooth”’ 
yntinuous e.m.fs., such as that shown graphically in Fig. 298, 
ill be explained. 

564. Production of a Constant or Unvarying E.m.f. by In- 
easing the Number of Coils.—Imagine the primitive direct- 
irrent generator of Fig. 273 modified by the addition of another 
il and pair of commutator segments as suggested in Fig. 299 
id compare the two arrangements. With the single- coil 
rangement it is obvious that there are certain instants (Figs. 

‘6 and 279) at which no e.m.f. is being induced. Such instants 
cur twice during each revolution. Also, for a considerable 
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proportion of each revolution the e.m-f. induced is small as the 
graph of Fig. 268 shows. But when the two-coil “armature” of 
Fig. 299 is rotated in the field there is no instant when the em. 
impressed across the brushes is zero. The brushes are so disposed 
that they always connect with the coil in which the greater e.m.f. 
is being induced. 


= 


--->-Direction of Rotation Exampie.—Consider the elemen- 

i tary generator of Fig. 299. (One 
coil has been shown dark-colored and 
the other white merely for distinction, 
otherwise they are the same.) The 
light-colored coil is cutting flux ata 
el maximum rate at the instant depicted 
YS Commutator and the dark coil is not cutting fi 

Brushes At this instant it is the white co 

Fie. 299.—Showing an elementary which is impelling the current in t 
direct-current generator with a two- external circuit. As the coil is rotated, 
uma: the emf. induced in the white coil 
will decrease and that in the dark coil will increase. The e.m.fs. in both 
coils will be equal when the coils have been turned 4¢ revolutign or 45 d 
grees from the starting position which is shown in Fig. 299. When the 
e.m.fs. thus become equal, the brushes bridge the commutator segmen 
connected to the coils. An instant later, the brushes contact only with th 
segments connected with the dark coil. As rotation of the coil is continu 
the cycle of occurrences just described will be repeated. 
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Fia. 300.—Graph of e.m.f. of two-coil generator of Fig. 299. ’ 


If the e.m.fs. induced by this two-coil armature be plotted 
into a graph, it will be of the form indicated in Fig. 300. The 
heavy line indicates the e.m.f. impressed on the brushes. The 
current circulated in the external circuit will vary in accordance 
with a similar curve. The dotted line shows the e.m.f. induced 
in the white coil and the dashed line that in the dark coil—or 
vice versa. Every 14 revolution or 90 degrees the e.m.f. is a 
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aximum. Furthermore, every 14 revolution—midway be- 
een the maximum instants—the e.m.fs. are equal and less 
han the maximum. Note that by the addition of 1 coil the 
rush e.m.f. has been prevented from decreasing to zero at any 
stant. It is apparent that by adding more coils the variation 
brush e.m.f. during a revolution can be still further decreased. 
565. To Generate a Constant, Direct E.m.f., many inductors 
e properly arranged on an iron core so as to form an armature 
rt. 534). The conductors are suitably connected together, 
ways which will be described, and to commutator bars as 
own in Fig. 301. Then to generate an e.m.f. this armature is 
tated at uniform speed in-a magnetic field. Some of the in- 
uctors—not the same ones constantly but different ones at 
ifferent instants of a revolution—are always cutting flux at the 
aximum rate, that is, cutting at right angles across the flux. | 
hereby a direct, constant e.m.f. 
impressed on the brushes. The 
aph of such an e.m.f. is given 

Fig. 298. Obviously, the cur- 
nt impelled in an external cir- 
uit of constant resistance by this 
.m.f. will be constant (practically) 
Iso and in every case will be amar etores 
aversely proportional (See Ohm’s Frc. 301.—Showing a four-coil 
aw equation) to the resistance of ae are is a closed cirgutts 
he entire circuit (Art. 136). 

566. Open-coil and Closed-coil Armature Windings are dia- 
rammed in Fig. 302. In open-coil windings the coils as a whole 
o not form a closed circuit but each coil is in circuit only when 
he commutator bars to which it is attached contact with the 
rushes. In closed-coil windings the coils as a whole, together 
ith the commutator segments to which they are connected, 
srm a closed circuit upon themselves and each coil always com- 
rises part of the circuit. Practically all modern armatures are 
f the closed-coil type. Open-coil armatures have been used to 
yme extent in series arc-lighting generators. 

567. Effect of Open- and Closed-coil Windings on Brush 
wm.f.—With an open-coil winding, Fig. 302,J, the e.m.f. of 
sch coil decreases to zero every 14 revolution, or 180 degrees 
; shown by the dotted and the dashed curves of Fig. 303. 
he dotted curve shows the variation with the time of the e.m.f. 
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of the white coil and the dashed curve that of the dark-colored 
coil. With a closed-coil winding (Fig. 302,JJ), since the coils 
are connected in series, the e.m.f. impressed on the brushes is 
at any instant the sum of the e.m.fs. induced in the coils at that 


1-Open- Coil Winding I= Closed ~Coil Winding 


Fia. 302.—Diagrammatic open-coil armature winding and closed-coil armatur 
winding. 


‘instant. Thus the full-line curve of Fig. 303 may be taken 
the e.m.f. curve of the closed-coil winding of Fig. 302,J7. Thi 
full-line curve was obtained by adding together the values o} 
the dotted and the dashed curves. Note, then, that a windin 
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Fie. 303.—Showing e.m.fs. impressed on brushes by open- and closed-coil 
windings illustrated above. j 


“connected closed-coil” has the property of producing a higher 
e.m.f. than the same winding “connected open-coil.” 

568. The Functions of the Armature Core are two: (1) It 
constitutes a strong mechanical support for the inductors. (2) 
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t decreases the reluctance of the magnetic circuit and induces 
he flux to follow paths where it will be most effective. 


Examp.es.—lIf the inductors of Fig. 299 were wound on a cylindrical iron 
ore instead of on an “air core’ arranged for rotation between the N and 
e S pole, the reluctance of the magnetic circuit would be very greatly 
ecreased and a correspondingly fewer number of ampere-turns would pro- 
uce the flux necessary for the induction of the required voltage. In a 
ultipolar machine, if there were no armature core, the flux would tend to 
ridge directly between the poles, as at Fig. 304,J, where the inductors 
ould not cut across it. With an iron core, incorporated as shown at IJ, 
ractically all of the flux traverses the coil and crosses the air gap where the 
ductors will cut through it. 


569. Construction and Material of Armature Core.—So that 
he core will decrease the reluctance of the magnetic circuit as 


I- Without Core TI - With Core 


Fia. 304.—Multipolar-generator magnetic circuit showing effect of armature 
core on flux distribution. 


nuch as possible, it should be of highly permeable material. 
Hence, in practice, soft iron or electrical steel is used. Since the 
sore is, when the generator is in operation, being magnetized by 
nduction in one direction (N) and then demagnetized and mag- 
retized in the other direction (S), as portions of its surface pass 
inder the poles of opposite polarity in succession, it is subject to 
iysteresis (Art. 303). High-grade iron should therefore be used 
o maintain the hysteresis loss (Art. 305) ata minimum. Eddy 
vurrents (Art. 504) are also induced in the iron when it is being 
tated in the magnetic field. Hence, cores should not be solid 
ut. should be built up or laminated. The cores are composed 
yf sheet-iron laminations called armature-core punchings. To 
naintain the core temperature at a minimum, ventilating 
25 
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spaces or ducts (Fig. 305) are provided at certain locations 
between laminations. Such ducts are always provided in the 
cores of large generators and frequently in those of small ones. 
The arms of the armature spider, when it is rotated, act like 
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¥ 
Fig. 305.—Illustrating armature punching in armature construction. 


blades of a ventilating fan and force cooling air currents ae 
the ducts and around the conductors. 

570. Armature-core Punchings are illustrated in Figs. 305_ 
and 306. These punchings comprise the laminations of which 
the core is assembled. For generators of the smaller capacities: 
each punching is a suitably per-— 
forated, toothed disc as shown in 
Fig. 305,J. Cores for the larger 
machines are assembled from seg- 
mental punchings as shown in Fig. 
306. Slots of suitable size are 
provided in the punchings for the 
accommodation of the armature 
winding or inductors. 

571. Drum-wound and Ring- 
i wound Armatures are illustrated 
Puect"95, diagrammatically in Fig. 307. 
Fre. ec iaatertnanal built uP These comprise the two classes. 

into which armatures may be 
divided as regards disposition of the winding. A drum-wound— 
armature is one the inductors of which lie wholly on or in slots in | 
its cylindrical surface; the inductors do not pass through the 
interior of the rings. A ring-wound armature is one the coils of 
which are wound around the rim of a ring-shaped iron core, 


Be 
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| Nore that armatures may be classified into open-coil and closed-coil 

ts regards the interconnection of the coils, as indicated in Art. 567, and also 
to drum-wound and ring-wound as above as regards the disposition of the 
inding on the armature core. 


In effect, a ring winding constitutes a continuous helix wound 
round the armature core, as shown in Fig. 308. Ring windings 
ure seldom if ever used for the armatures of modern generators. 


SSS 


{- Drum Wound Il- Ring Wound 
Fie. 307.—Diagrammatic illustrations of drum-wound and ring-wound 
armatures. 


572. The Principle of Operation of Both Drum- and Ring- 
ound Armatures Is the Same but since the ring-wound type is 
ow seldom used most of the treatment herein will relate speci- 
ically to drum-wound armatures. Note that, while with drum- 
yvound armatures both sides of each loop or coil cut flux, with 
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Fria. 308.—Diagrams of ring-wound armatures, closed-coil and open-coil, 


ing-wound armatures only one side cuts flux; the other side of 
ach coil lies within the ring where there is practically no flux. 
573. The Disadvantages of the Ring Winding are: (1) It is 
ecessary in making a ring winding to thread the winding con- 
uctor through the space within the hollow-cylinder core which 
ecessitates bending the conductor back and forth. Thus the 
yils must be wound on the core by hand. (2) Because of this 
nding it is very difficult to form large conductors into a ring 
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winding. (3) The insulation on the conductors is likely to be 
injured by the bending process hence insulation must, in such 
cases, be placed on the coils while they are being wound. (4) 
It is difficult to secure ring-wound coils securely in their positions. 
(5) Only half, approximately, of the length of wire wound on the 
armature is effective for cutting flux, thus making the armature 
' resistance greater than for an equivalent drum-wound armature. 
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Fiq. 309.—Form-wound armature coils for large and small generators. 


“Jape Wrapping” 


on forms. In some cases these form-wound coils may be made 
with automatic machinery. The resulting economy in cost is” 
obvious. (2) Conductors of any reasonable size may be made 
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Fra, 310.—A drum-wound armature with a portion of its form-wound coils in 
position, ‘ 


up into form-wound coils. (38) The form-wound coils can be 
readily placed and firmly secured in the armature-core slots 
prepared for their reception. 

575. The Process of Making a Form-wound Coil Is as Follows. 
—The conductors which are wires or bars covered with a thin 
insulation, such as a winding of cotton, are first wound on a 
form into a coil of the contour and size required. ‘They are 
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en wrapped with insulating tapes, heated to eliminate moisture 
d impregnated with some waterproof insulating compound. 
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a” 
- 311.—Portion of a drum-wound armature for a large generator showing 
inductors in position in slot. 
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576. In Winding an Armature with Form-wound Coils, the 
ails are all placed in their proper positions in the slots, Fig. 
10, and are held in place therein with wedges of fiber, wood or 
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1g. 312.—A completed armature for a direct-current generator of medium 
capacity. 


milar tough insulating material as shown in Fig. 311. Servings 
f <teel wire wound into banding (Fig. 312) are usually also placed 
round the armatures to further secure the winding in place. 


SECTION 32 


ARMATURE REACTION, COMMUTATORS, AND 
COMMUTATION 


577. Commutators in Practical Generators always have a 
number, sometimes a great number, of bars. It is almost obvious 
from a consideration of Figs. 299 and 313 that as the number 
of coils in an armature is increased the number of commutator 
segments must be proportionately increased. 
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Fie, 313.—Diagram showing part of a direct-current armature winding i 
position onanarmature. Verify the e.m.f. directions shown by applying the righ 
hand rule. 


578. Commutator Construction—The function of a com 
mutator and its elementary construction are described in Art. 
529. Actual commutators, though simple in principle, are very 
difficult to construct properly. The commutator is the weakest 
member both mechanically and electrically of any direct-current 
generator. The great majority of difficulties encountered with 
direct-current machines are “commutation troubles.’ The forged 
copper segments (Fig. 314, I) are assembled into a cylinder on a 
sleeve or spider (Fig. 315) each copper segment being insulated 

390 
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om its neighbor by a thin segment of mica. The segments are 
jlso insulated from the iron or steel member which carries 
hem with mica sleeves and rings. The wedge rings (Fig. 315) 
Clamping Ring. 


iy ewes |! 
, mT 
, Slot for Connecting aaeasaeis!! | 
! Conductors 


I- Segment I~-Commutator 


Fie. 314.—Commutator segment and assembled commutator. 


yhen tightened by the turning of a clamping ring or the drawing 
p of clamping bolts bind the segments securely in position. 
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@. 315.—Sectional views illustrating typical construction of a small and a large 
commutator. 


he commutator having been thus assembled it is mounted in a 
the and its surface machined into a perfect cylinder. 

579. Brushes for most generators are blocks of carbon or 
aphite. Brushes made of packs of copper gauze or copper wire 
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are sometimes used for certain low-voltage, high-current elec- 
trolytic generators. Graphite is a suitable material because it 
is in a measure self-lubricating and has a relatively high resistance 
which, if the brushes are suitably proportioned, tends to minimize 
sparking between the brushes and the commutator (Art. 588). 
Brush holders (Fig. 316) are used 
ee litey_ t0 hold the brushes in correet 
position in relation to the com- 
mutator. Adjustable tension 
springs are provided whereby the 
brush pressure against the com- 
mutator may be regulated. The 
brush holders are mounted on 
wa brush-holder studs which, in 
BUS Gore top Gaming turn, are mounted on a rocker 
ee hy frame. The rocker frame is so 
Fie. 316.—Brush and brush holder of arranged that it may be rotated 
modern generator. : 
through a small are and permits 
rotating of the brush-holder studs, brush holders and brushes 
as a unit to different positions (within the limited range) around 
the commutator. Where the brushes must carry a large current, 
a number are arranged side by side on one stud. It is seldom, 
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Fi1a. 317.—Illustrating how the e.m.fs. induced in the different coils of a bi-polar 
generator armature combine to produce the brush voltage. 


except for the very smallest generator, that any one brush-holder 
stud carries less than two brushes. The grade of graphite and 
the proportions for the brushes for a given machine is in design 
a matter of considerable importance. 

580. How the Voltages Induced in the Different Coils of an 
Armature Combine to Produce the Brush Voltage is indicated in 
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Pig. 317. While this illustration shows the armature of a ring- 
wound machine, the principle involved is the same in the arma- 
tures of all machines. In every case it will be found that an 
rmature winding consists essentially of a number of turns or 
oops of flux-cutting conductors connecting between the brushes 
f the machine. (The conductors of a wave winding (Art. 598) 
o not form closed loops but the electrical effects are practically 
the same as if the loops were closed.) Also, it will be found that 
he e.m.fs. induced in the different coils or loops combine in 
very case in about the manner to be described: 


EXxamMPLe.—Assume that the armature of Fig. 317,J is rotated at a uni- 
orm speed in the clockwise direction shown. The outside parts of the coils 
ill cut flux and induce e.m.fs. in the directions indicated by the dotted 
rrows. (Check the e.mf. directions by applying the hand rule of Art. 513.) 
t is assumed that the field is uniform. Then the e.m.f. induced in any 
ductor at a given instant will be proportional to the sine of the angle 
rough which that inductor has been rotated from the neutral position 
. 518). 

Assume that the e.m.f. induced in the coils A at the instant shown is 1.9 
lts. Then the e.m.fs. induced at-this instant in the other coils will be 
bout: B = 1.7 volts. C = 1.1 volts. D = 0.4 volts. The e.m.f. impressed 
n the brushes will be the sum of the e.m.fs. induced in the separate coils, 
atis: 1.9 +1.9+4+1.74+1.7 +11 + 1.1 + 0.4 + 0.4 = 10.2 volts. The 
pposite group of coils around the right-hand half of the armature will 
bviously impress 10.2 volts also on the brushes. With the conditions given, 
s the rotation of the armature is continued the pressure of about 10.2 
olts will be constantly impressed on the brushes and external circuit. 
Primary cells, 16 in number, (Fig. 317,17) of the different voltages shown 
if it were feasible to obtain cells of these different voltages) might be so 
onnected as to impress 10.2 volts on an external circuit. This diagram 
1ay assist the reader to understand what is occurring in the armature. 
Since the two groups of coils (that to the left and that to the right 
f the brushes) are in parallel and each has the same resistance, half of the 
irrent that the generator impels in any external circuit connected to it 
ill flow in each of the groups. Half will take the route NAP and the other 
ute NXP. If the current in the external circuit is 12 amp., 6 amp. will 
ow in NAP and 6 amp. in NXP. A similar situation would obtain if 
ie battery at JJ impelled current in an external circuit. Half would pass 
_the route nap and half in the route nzp. 

In Fig. 328 are illustrated the conditions described above as they occur in 
ie armature of a multipolar generator. 

Nors.—In the diagram of Fig. 317,J there is only one turn of the wind- 
g connected between adjacent commutator segments. However, in prac- 
al generators there are several turns of a coil in series between adjacent 
ements. 
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581. The Neutral Plane (Fig. 318,J7 and Fig. 319) through 
an armature is that plane at which the e.mf. induced in the 
inductors is zero, because at this plane the inductors move parallel 
to the flux and hence do not cutit. The normal neutral plane 
(Fig. 319) is the plane which is the neutral one when there is no 
current in the armature inductors; this plane lies midway 
between the adjacent poles of opposite polarity. 

582. The Commutating Plane is that imaginary plane, passing 
longitudinally through the armature and brushes, at which com- 
mutation occurs. The commutating plane may not coincide 
with the neutral plane, because, as described in Art. 589, it may 
be necessary (in the case of a generator as will be hereinafter 
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Fig. 318.—Showing the two fields which cause armature reaction and field. 
distortion (generator). (The dots and crosses in J, indicate e.m.f. directions 
only. No armature current is flowing in J.) 


shown) to shift the brushes ahead (in the direction of rotation 
of the neutral plane in order to insure sparkless commutation. 
583. Armature Reaction is the reactive magnetic influene 
produced by the current in the armature of a generator or motor 
which is under load, on the magnetic circuit of the machin 
Armature reaction is the cause of the phenomenon called fiel 
distortion. How it is that armature reaction and field distortion 
occur in generators will be explained: ¥ 


ExpLaNation.—Consider a portion of the magnetic circuit of a bipolar, 
direct-current generator, having a drum-wound armature with 12 coils, as 
shown in Fig. 318. The illustration delineates a cross-sectional view of the 
armature and parts of the pole pieces. With the fields excited and the 
armature circuit open at the brushes so that no current can flow in it, the 
direction of the flux will be straight across from pole to pole asat J and 


the field will be practically uniform. The conditions just stated will obtain 
whether the armature is in rotation or not. 
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Now assume that the armature of J is rotated in the counterclockwise 
jdirection. Its inductors will cut flux and e.m.fs. will be induced in them 
jin the directions indicated (hand rule, Art. 427). To the right of the 
neutral plane (Art. 581), the e.m.f. in each inductor will be in as suggested 
by the crosses (Fig. 124) in the ends of the inductors. To the left of the 
neutral plane the e.m.fs. will be out as shown by the dots. Since the e.m. 
|induced in the inductors at the neutral plane is zero (0), the brushes should 
jbe set at this plane as shown. Note that the field of J is now (while an 
e.m.f. is being induced in the armature but while there is no current in the 
armature) uniform—there is no field distortion. 

Now assume that the armature circuit be closed through an external 
circuit. Then, the e.m-f. of the armature will impel a current through the 
external circuit and armature inductors. This current of itself will produce 
a field or flux in the direction shown at JT. This illustration of IT shows 
only the flux produced by the armature current; it does not show the flux 
produced by the field-coil current. The condition shown at JJ could be 
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Fia. 319.—Field distortion caused by armature reaction (generator). 


reproduced in an actual machine by opening the field circuit, thereby “kill- 
ng” the main field, and impressing some external source of e.m.f. across the 
srushes which would create a current, in the proper direction, in the armature, 
which should be held stationary. It is apparent then that, when a generator 
s in operation, there are two fields which tend to react on its armature:— 
Ine, due to the field-coil current, has a direction between the two poles as 
it Fig. 318, f. The other, due to current in the armature inductors, has 
, direction, almost at right angles to the first as shown at JI. In an 
perating generator—one impelling a current—the effects of these two fields 
re simultaneous and superimposed. They combine to produce a distorted 
eld as shown in Fig. 319. The flux across the air gap in the pole pieces 
nd armature core is now no longer uniform but becomes dense toward the 
oes of the pole shoes in the direction of rotation. Furthermore, the neutral 
lane is no longer coincident with the normal neutral plane but is shifted 
arough some angle as A, Fig. 319,I/I, in the direction of rotation. The 
eld-coil-current field is usually much stronger than the armature-current 
eld as shown graphically in JV. 
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Observe that with no current in the armature circuit, the neutral plane 
coincides with normal neutral plane, as at I. But, with current in the arma- 
ture inductors, the neutral plane will shift, in the direction of rotation as at 
III. The greater the armature current, the greater will be the effect of 
armature magnetization (II) and the greater will be the shifting of the neutral 

plane. This means: The greater the 
) ~Eye Bolt for Lifting load on a generator the greater is the 
: armature reaction. 


iy Q\ Marin Field 584. The Effects of Armature 
WR Reaction May be Minimized by 
providing a magnetic circuit— 


é tat : . 

(rue 6air gap and pole pieces—of 
Fi suitable design. Pole pieces of 
=p— special forms and construction 


= are sometimes used for the pur- 
Fia. 320.—Field structure of com- pose. aN description of the 
mutating-pole machine. 3 é 

methods involved would require 
more space thanishere available. Commutating poles (sometimes 
called interpoles or auxiliary poles, Figs. 320, 321 and 322) pro- 
vide the most effective means of eliminating the effects of arma- 
ture reaction and are used in the best, modern direct-current 
machines. See following note. 
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Fra. 321.—Arrangement of main-pole and ‘‘interpole’”’ windings in a commutat- 
ing-pole generator. ‘ 


Notr.—Commutating poles are small auxiliary poles mounted between the 
main poles. They are so connected that the armature or line current—or & 
certain definite proportion of it—circulates in their windings. These 
windings are so proportioned that they produce a magnetic field in the air 
gap and in the armature core which is always of somewhat greater strength 
than that which the armature current (Fig. 323,V) tends to produce. 
As the line current, and hence tendency toward armature reaction increases, 
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ithe strength of the commutating poles increases also. Furthermore, the 
jcommutating-pole coils are so wound that their field opposes the armature- 
urrent field (see Fig. 322). Thereby the armature-current field is neutral- 
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Fig. 322.—Illustrating the principle of the commutating pole. 


zed. Since it is the field due to the armature current which causes arma- 
ure reaction (Art. 583), this neutralization of it eliminates the possibility 
f armature reaction or field distortion. 
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Fie. 323.—(V) Effect of shifting brushes and (VI) lead and lag angles 
generator. 


There is another effect of armature reaction that should be 
inderstood: When the field becomes distorted, due to armature 
urrent, as in Fig. 319,J7I, the brushes should be shifted to 
ome position (shown in Fig. 323,V) so that they will lie in the 
eutral plane. The magnitude of the angle A (Fig. 323), 
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through which the brushes should be shifted, will depend on the 
amount of armature reaction. But when the brush position is 
thus changed, the direction of the current in the inductors 
included within angle A will be reversed as shown in V. This 
will alter the direction of the magnetization of the core due to 
the armature current, from that of IJ, Fig. 318, to that of V, 
Fig. 323. The result is a further distortion and weakening of 
the resultant field (combination of the field-current and the 
armature-current (fields) of the machine. 

585. The Angle of Lead and Angle of Lag, as these terms apply 
to the brush positions in direct-current machines, are illustrated 
in Fig. 323,VI. The angle of lead is the angle (Ag, Fig. 323, VI) 
through which the brushes of a generator must be shifted ahead 
(in the direction of rotation) of the normal neutral plane so as to 
lie in the commutating plane. The angle of lag is the angle (Am) 
through which the brushes of a motor (Art. 640) must be shifted 
behind (against the direction of rotation) the normal neutral 
plane so as to lie in the commutating plane. ; 

Norr.—The terms ‘angle of lead”? and “angle of lag’”’ as above defined | 
have no connection with the same terms as used in alternating-circuit 
terminology. (With the armature of Fig. 323,VJ operating as a motor, 
the direction of rotation and flux remaining as shown, the direction of cur-_ 
rent in the armature conductors would be opposite to that shown). ; 

586. Cross Ampere-turns and Back Ampere-turns.—The 
conductors included in the double angle B (Fig. 323,VJ), which — 
is the sum of the lag angle and the lead angle, are sometimes 
called the “back turns’ and their magnetizing effect is called 
demagnetizing ampere-turns. These terms are applied becaus 
the turns within angle B may be considered as being in serie 
with those of angle B’, forming a complete helix around th 
armature core. Their effect is opposed to and tends to weake 
that of the field coils of the machine. The turns not include 
in the lag and lead angles may similarly be called the “cross 
turns” and their effect cross-magnetizing ampere-turns. The 
tend to set up a field at right angles to the main field. 

587. The Process of Ideal Commutation is illustrated in 
Figs. 324, 325 and 326. The armature conductors of any direct- 
current machine, in effect, constitute loops or coils between 
the commutator bars. Therefore, the process of commutation 
may be examined by considering the diagram, Fig. 324, which 
shows part of a direct-current-generator armature, commutator 
and field stripped of the non-essentials. See Art. 529. 
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EXpLANATION.—The armature (Figs. 324 to 326) is being rotated at a 
niform speed in the clockwise direction shown. Each coil of the armature 
fis marked in a different way to facilitate ready identification. The brush 
8 on the neutral plane and it is located inside of the commutator to simplify 
the diagrams. What occurs when coil C—the white one—passes through 
tthe commutating plane will be considered. The current directions are as 
ndicated by the small arrows. 

At the instant of diagram I, the brush bears on segment 3. The currents 
n the left-hand half and that in the right-hand half of the armature meet 
t this segment (Art. 580), combine and flow through the brush out into the 
xternal circuit. 

At the instant of IIT the armature has been rotated far enough so that 
egment 2 just contacts with the brush. Segment 3 is also in contact with 
t. Now, a small part of the current from B flows directly into segment 2, 
hrough the brush and into the external circuit. Only a small part flows 
rom B directly into 2 because the area of the brush contacting with 2 is ~ 
mall. Most of the current from B flows via coil C, through 3 and the brush 
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Fia. 324.—Final conditions in process of commutation. 


nto the external circuit, because the area of brush in contact with 3 is rela- 
ively great. (The contact resistance, Art. 156, between the brush and a 
egment on which it bears will be inversely proportional to the area in con- 
act.) Also, as in J, one-half of the total current through the brush flows 
rom D. It unites with the portion from C and flows through 3 and out 
hrough the brush. As the armature is rotated further, the contact re- 
istance between the brush and 2 decreases while that between the brush 
nd 3 increases. The currents through these two paths are, respectively, 
creased and decreased correspondingly. 

At the instant of III (Fig. 325), the brush area contacting with 2 is the 
ume as that bearing on 3. Hence, half of the current—that from B— 
ows directly out through 2 to the brush where it unites with the other half 
hich flows from D through 3 to the brush. The coil C being in the neutral 
lane is cutting no flux, hence the e.m.f. and current in it is zero. 

At the instant of IV, the armature has been so rotated that the brush is 
urely in contact with 3. The brush area in contact with 2 is much greater 
an that in contact with 3, Now the half of the total current from B 
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flows directly into 2 and to the brush. The other half of the total current 
flowing from D divides, the smaller portion of it flowing directly to 3 and 
into the brush, while the greater portion flows from D through C and 2 to 


the brush. - 
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Fia. 325.—Initial conditions in the process of commutation. 


At the instant of V (Fig. 326) the brush contacts only with segment 2. 
Half of the current through 2 and through the external circuit flows from @ 
and the other half flows from B. 


The important fact to note from the above explanation is 
that the current direction in a coil reverses as it undergoes com- 
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fra. 326.—Intermediate conditions in the process of commutation. 


mutation. For example, in the coil C of Fig. 324, I, prior to 
commutation, the current direction in C is toward the right. 
At Fig. 326, V, subsequent to commutation, the current direc- 
tion is toward the left. The ideal process as above described 
may not obtain exactly as described in the case of an actual 
generator for reasons outlined in the following article. 
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| 588. Sparking During Commutation is due to the self-induc- 
tance (Art. 479) of the armature coils. If armature coils had 
mo inductance, with the brushes set on the neutral plane, there 
should be no sparkirg. However, armature coils, since they are 
wound on iron cores, do have considerable inductance. Also, 
since armatures revolve so rapidly that frequently the current 
in a coil must reverse in a hundredth of a second and since they 
ay carry very large currents, the counter e.m.f. of self-induc- 
tion (Art. 464) may be considerable. How this produces arcing 
or sparking at the commutator will be described: 


ith the other segment (Fig. 326,V). At the instant of Fig. 325,IV, the 
urrent should be reversed in direction in the coil C, as shown in the dia- 
ram, because this coil has been rotated to the right of the neutral plane. 

Actually in an ordinary generator the current will not be wholly reversed 
t this instant—the instant after the coil has been rotated beyond the 
eutral plane. The self-inductance of the coil tends to maintain the current 
n it in its original direction. ‘The consequence is that at the instant 
ictured at IV, there will be (in actual generators) a considerable current 
irculating through the short-circuit path constituted by the coil and the 
brush, in a direction from left to right through the coil C (in JV) and from 
right to left through the segment 3, the brush and segment 2. The current 
through the brush tip may be so great as to greatly heat or fuse the edge of 
the segment 3 and the adjacent edge of the brush. 

This short-circuit current still flows at the instant when the armature 
has been turned so that the brush has ceased contacting with 3 (as shown 
nm VJ) and is wholly contacting with 2._ The result is that when the brush 
slides from 3 to 2, this current is interrupted with an air gap between 3 and 
she brush and an arc or spark is formed as shown at VI. Obviously, such 
sxcessive heating and arcing may, if permitted to continue, prove very 
njurious to both commutator and brushes. « 


589. Preventation of Sparking.—Obviously, any means where- 
oy the counter e.m.f. of self-induction in the short-circuited coil 
Fig. 326,VJ) is neutralized will eliminate sparking at the com- 
nutator. The common method of accomplishing this is to move 
he brush a trifle ahead (in the direction of rotation in the case 
yf a generator) of the neutral plane (Fig. 327) so that the coils 
is they reach the commutating plane can cut some flux. Then, 
ommutation will not occur with the coils as they successively 
ie in the neutral plane. But it will occur with the coils as they 


ass through the commutating plane—a location ahead of the 
26 
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neutral plane—where there will be induced in them an em.f, op- 
posite in direction to the counter e.m.f. of self-induction of the 
coil. The e.m.f. induced in the coil is opposed to and will just 
neutralize the counter e.m.f.—if the brush has been shifted ahead 
the right distance. The brush position to insure the least spark- 
ing is ascertained by trial. Sparking is automatically eliminated 
in commutating-pole generators, Art. 584 without its being neces- 
sary to shift the brushes. 

590. Change of Brush Position with Change of Load.—Arma- 
ture reaction and field distortion vary with change in load (Art. 
583). Therefore, the neutral plane shifts as the load on the 
generator—the current in its armature—changes. ‘The neutral 
plane shifts ahead as the load increases. It follows that the 

brushes of a generator (commu- 
Relation [Bera ,Commutating ~~ tating-pole generators, Art. 584, 

a e y/ excepted) should be shifted ahead 
y/ as the load on the machine in- 
creases so that the sparking will 
be a minimum. The brushes — 
should always be in such a posi- 
; tion that the coils, at the instants 

é , @ when they successively pass 

Fra. 8327.—Showing how the brushes through the commutating plane, 

of a generator should be shifted ahead Will cut enough flux to neutralize — 


of the neutral plane to promote spark- their counter e.m.fs. of self-in- 
less commutation. N 
duction. 


Nors.—In all well-designed modern non-commutating-pole generators 
little shifting of the brushes is necessary with change of load because the 
carbon brushes are so selected and proportioned as to have proper resistance 
to maintain the short-circuit currents in them at a minimum, thus minimiz- 
ing sparking. 


591. In Commutating-pole Generators It Is Not Necessary To 
Shift the Brushes with Changes in Load to Minimize Sparking 
at the Commutator.—As suggested in the preceding article shift- 
ing of the brushes is necessary in ordinary generators because of 
changing armature reaction. But with commutating-pole ma- 
chines the armature reaction effects are not present. Hence, 
with these machines brush-shifting is not necessary or desirable. 
The best brush position for a commutating-pole machine is 
determined at the factory where it is manufactured and usually 
the brushes are there permanently set at the proper position. 


SECTION 33 


MULTIPOLAR DIRECT-CURRENT GENERATORS 


592. Multipolar Generators.—The term is defined in Art. 
51. Multipolar machines have certain inherent advantages. 
he multipolar construction is used therefore for all but the ma- 
hines of the smaller capacities, which can be constructed more 
conomically in the bipolar type. 

593. The Magnetic Circuit and Generation of e.m.f. in Multi- 
olar Machines is illustrated typically in Figs. 328 and 329 
hich indicate a four-pole generator. In Fig. 328,/ is suggested 
ow the e.m.fs. are induced in the different armature coils which 
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‘rq. 328.—Illustrating how the e.m.fs. induced in the different coils of a mul- 
tipolar generator armature combine to produce the brush yoltage, 


ut the flux emanating from the different pole pieces. The e.m.f. 
lirections shown by the dotted arrows may be verified by apply- 
ng the hand rule of Arts. 427 and 513. The e.m.fs. combine to 
onstitute the brush e.m.f. in much the same way as described in 
(rt. 580 in connection with the bipolar machine armature. The 
yattery analogy of JJ may serve to better illustrate how the 
.m.fs. of the different coils combine. The e.m.fs. directed from 
he armature coils to the commutator combine at two locations 
nd those directed from the commutator toward the coils diverge 
4 two other locations. Hence—with a four-pole machine—four 
403 
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brushes must be used—two of them positive (+) and two nega- 
tive (—). Except with machines having certain seldom-used 
types of armature windings (Art. 601), generators always have 
the same number of sets of brushes as they have poles. The 
positive and the negative sets of brushes are suitably intercon- 
nected and connected to the external circuit as illustrated. 

594. The Economics of the Multipolar Design.—Multipolar 
machines are, in general, more economical in constructive mate- 
rial, largely because of the effective distribution of flux which they 
provide, than are those of the bipolar type. Because of their 
greater areas of exposed surface per unit output, they radiate the 
heat due to losses more effectively. They weigh less per unit 


Fie. 329.—Magnetic circuit of a four-pole generator. 


output. However, if an endeavor is made to construct a machine, 
of a given output, with too many poles, the increased cost 0 
manufacture will obviously overbalance the saving in material. 
It is for this reason that the smaller machines are usually made 
bipolar. 

595. Smaller Armature Conductors Usually Feasible with 
Generators of the Multipolar Type (see following Norr).— 
With a bipolar generator (Fig. 330,/), each armature conductor 
(closed-coil winding) must carry one-half the line current. 
Obviously, in machines of considerable power the line current 
will be very great, which would necessitate excessively large 
armature-conductor currents in large bipolar machines. In a 
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pur-pole machine (Fig. 330,IJ) the line current passes through 
he armature via four paths. Hence, in a four-pole machine, 
he armature-conductor current is but one-half that in a two- 
jole machine or one-quarter of the total current. There are 
lways (except as detailed in the following Nors) as many arma- 
ure paths as there are poles. It is evident that the greater 
he number of poles a machine has, the smaller, relatively, may 
S armature conductors be. The smaller the conductors— 
ithin reasonable limits—the more readily are they wound and 
andled. Also, the greater the number of poles, the smaller the 
rrent through each set of brushes which facilitates sparkless 
mmutation. 


Notr.—Machines with wave-wound armatures (Art. 601) may have only 
o paths through the armature, regardless of the number of poles. Hence 


Leads 


I- Two-Circuit Armature === 
Bipolar Generaror) Il - Four - Circuit Armature’ 
(Four -Pale Generator} 
Fia. 330.—Showing division of current in a two-circuit and a four-circuit 
armature. 


1e information of the above article may not apply to wave-wound armature 
chines. 


596. Lower Peripheral Speeds Are Possible with Multipolar 
fachines.—When any coil of a bipolar generator has been 
tated through 360 electrical degrees, it has also passed through 
50 actual degrees. But when any coil of a four-pole-generator 
‘ig. 328,7) has been rotated through 360 electrical degrees, it has 
assed only from A to B, through 180 actual degrees. And when 
coil of a six-pole generator has been rotated through 360 electrical 
grees (Angle D, Fig. 331) it has passed through only 120 actual 
grees. It follows that, with the same flux per pole and a given 
iwular velocity or rotational speed, a multipolar generator will 
duce a higher e.m.f. than will a bipolar machine. Further- 
ore, with the same flux per pole, the same e.m.f. may be in- 
iced with lower angular velocities in multipolar machines than 

bipolar. It would not be feasible to build machines of ordi- 


406 PRACTICAL ELECTRICITY [Arr. 596 


narily high voltage and of large capacity in the bipolar type. 
Then armatures would necessarily have to be large and could not 
be safely rotated at speeds great enough to induce, in a bipolar 
field, the e.m.fs. required. Instead of increasing the speeds, in 
the large machines the number of poles is increased, which is 
equivalent to increasing the flux. , 


SECTION 34 


DIRECT-CURRENT ARMATURE WINDINGS 


597. Armature Windings of modern machines are in almost 
very case of the drum type (Art. 571) hence only these will be 
iscussed. It is obvious (see Figs. 307 and 313) that the e.m-f. 
one side of a drum-winding coil must be from front to rear at 
mstants when the e.m.f. in the other side of the coil is from rear 
o front, so that the two e.m.fs. will act in unison and combine 
stead of opposing and tending to neutralize one another. 
t follows then that the coils on a drum-armature core must be 
0 arranged that two inductors of 
ny coil will never be passing under Armature Coil 
ke poles at thesame instant. The 
oil sides should therefore be sepa- 
ated by an angle (A, Fig. 331) 
bout equal to the angle B between 
pole center lines. Angle A is called 
he angular pitch or spread of the 
oils or the winding pitch. Angle 
3 is the angular pole pitch. The 
ubject of armature windings is an 
xtensive and rather involved one, . 
ence only the essential fundamen- Angutar Pole Pitch! 
als can be discussed herein. (80 Electrical Degrees) 

598. Types of Windings, Lap and xs Hist Saar tan ; sae 
Nave Windings.—There are many armature coil. 
yossible types of windings but it is 
eldom that any but the lap winding (parallel or multiple drum 
yinding), or the wave winding (two-circuit series drum winding) 


re used. 


Tur Lap WINDING is ordinarily used for all direct-current and for some 
lternating-current armatures. It has the advantages of adaptability and 
mplicity but is not readily adapted for the inducing of high e.m.fs. With 
there are always as many studs of brushes—hence current paths through 
1e armature—as there are poles. A lap winding can be distinguished from 
1e fact that the rear end connections “lap” over one another as shown by 

407 
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the black-line coil in the winding development of Fig. 332. Coils for lap 
windings are shown in Fig. 309. With a lap winding there are always as 
many conducting paths as there are poles. 


Front End Connections or... 
Commutator Segments Connections of Leads tram Coils 
; Direction of Fotation....___— >= ~----- >. Brushes. 


Positions of Pole Faces’ aa ~ 
Face Conductors or Inductors” 
Rear End Connections 


Fie. 332.—Lap winding. A typical winding developed. 


a ee 


Direction of Brushes. 
Rotation, é E 


Front End Connections : 
or Leads from Coils M, ‘ 
} 


mm commutator Segments : 


: 


Rear End Connections.“ 
Face Conductors or Inductors" 


Fig. 333.—Wave winding. The development of a typical winding. 
THE Wave Winpinc is used for direct-current, drum armatures where a 


lap winding would not provide a sufficiently high e.m.f. or would require 
an excessive number of fine-wire turns per coil. With a wave winding (Fig. 
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$33) only two brush studs are necessary but more up to a number equal to 
he number of poles can be used. There are always only twocircuits in 
ultiple irrespective of the number of poles. This type of winding can be 
istinguished from the fact that the rear-end connections form geometric 
“waves” from coil to coil as indicated by the black-line coil in Fig. 333. A 
oil for a wave winding is shown in Fig. 309. 


599. Developments or Diagrams of Armatures Windings may 
e either plane developments which represent the winding as it 
ould appear (Figs. 332 and 333) if it were unrolled from the 
ore and laid out flat on a plane surface, or star developments. 
Pigs. 334 and 335) which delineate the winding somewhat as it . 


ee ret 
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Rear End. 
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fia. 334.—Lap-winding for drum armature having 32 inductors (16 coils). 


night appear if it were possible to strip it from the core and 
latten it out by a pressure, applied along the axis (shaft) of 
he armature core. A plane development has the disadvantage 
hat it does not show the armature-conductor circuits as entirely 
losed. In the star development this disadvantage is corrected. 

600. E.m.f. and Current in the Lap Winding (Art. 598).—The 
lane development of a lap winding for a four-pole generator is 
hown in Fig. 332. There are 18 inductors or 9 coils. With 
he direction of rotation as given, the e.m.f. directions will be as 
hown (hand rule, Art. 427) by the arrow heads. One side of 
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each coil is under a N pole and the other side under a S pole. If 
the winding is traced out, starting at inductor 1, it will be found 
that all of the inductors are in series and, in effect, constitute a 
closed helix. The e.m.f. directions determine the brush locations. 
Wherever the e.m.fs. in the two conductors connecting to a seg- 
ment are directed into or out of that segment, a brush should be 
located at that segment. The star development of Fig. 334 shows 
a lap winding, having 32 inductors (16 coils), for a four-pole 
machine. The e.m.f. directions will be as shown determining 
the brush locations at the segments indicated. From this dia- 
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Fia. 335.—Wave winding for a drum armature having 30 inductors (15 coils). 


gram it is readily apparent that there are as many current routes 
through the armature as there are poles (Art. 595). 

601. E.m.f. and Current in a Wave Winding.—Consider the dia- 
grams of Figs. 333 and 335. The directions of the e.m.fs. in the 
inductors (shown by the arrow heads) directly under the poles 
can be readily determined (hand rule, Art. 427) and those in the — 
other conductors must correspond. Only two brushes (B, and 
Bz, Fig. 335) are necessary but brushes may be and are, where the 
total current is large, located at each neutral plane. All of the 
conductors are in series and there are really, regardless of the 
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umber of brushes used, only two current paths through a wave 
inding. 


Note.—Why the addition of two more brushes b; and b2 at the neutral 
planes in Fig. 335 will not affect the situation may be explained thus: The 
dded brush 6b: is, at the instant shown, in metallic connection with By 
hrough the low-resistance path becdeB, provided by this armature coil. 
(he effect is the same as if B, and bz were the same brush. Furthermore, 
1 and B; are connected directly by the coil bifghBy, producing a similar con- 
ition. The generator would also operate as well if b; and by were provided 
nd B, and B, omitted as when only B,; and B, are used. In practice, 
here only two brushes are used, they are usually located above the hori- 
ontal diameter of the commutator in which position they will be most 
vailable. 


SECTION 35 


DIRECT-CURRENT-GENERATOR VOLTAGES, 
RATINGS AND EFFICIENCIES 


602. To Compute the Voltage Induced in the Armature of a 
Bipolar, Direct-current Generator, the formula shown below, 
can be used. The formula has already been given (Art. 542) 
for the computation of the e.m.f. induced in any rotating coil. 
That which follows is merely a modification of the rotating-coil 
one to specificially adapt it to the armature of a bipolar-frame 
machine. The formula of Art. 542 for any rotating coil is: 


or X C X r.p.m. 
A - 
ais) e 100,000,000 x 60 


But in the new formula, let ¢p = flux per pole. Also let Cp = 
the total number of inductors or sides of coils on the armature. 
Obviously, in a two-pole machine gr = 2¢p. And, in a two- 
pole machine, the inductors per pole, C = Crp +2. Then sub- 
stituting these new symbols in the above equation: 


2¢p X Cr X r.p.m. _ be X Cr X r.p.m. 
100,000,000 X 2X 60 ~ 100,000,000 x 60 


Wherein # = average e.m.f. induced in the armature of any 
direct-current bipolar generator. ¢p = total useful flux or lines 
of force per pole. Cr = total number of inductors or sides of 
coils on the armature; in drum armatures Cr is equal to twice the — 
number of loops. R.p.m. = number of revolutions per minute. 


ExampLe.—What average e.m.f. would be induced in the loop of Fig. 278, 
if it were rotated at the rate of 1,800 r.p.m. and the flux per pole was 400_ 
kilolines, that is 400,000 lines? SoLutron.—Obviously the total number of 
inductors is 2, Now substituting in the formula (118): 


BE u?exX Cr X r.p.m. _ 400,000 x 2 x 1,800 
.108 X 60 100,000,000 x 60 


(volts) 


(118) H= 


(volts) 


= 0.24 volt. 


EXAMPLE.—The armature of a bipolar generator has 104 loops on its 
armature, and the flux per pole is 2,270,000 lines. What e.m.f. will be in- 
duced in ite armature if it is driven at the rate of 1,500 r.p.m.? Sonution.— 

412 


Sec. 35] DIRECT-CURRENT-GENERATOR VOLTAGES 413 


{f the number of loops is 104 the number of inductors is 104 X 2 = 208. 
Now, substitute in the formula (118): 
Hau? xX CrXrp.m. _ 2,270,000 X 208 X 1,500 


10° X60 ~~ 100,000,000 x60 ~ 128 volts. 


603. To Compute the E.m.f. Induced in Any Direct-current 
enerator Armature the following formula, the derivation of 
which follows from that of Art. 602, can be used: 


_, PX be X Cr X ¥.p.m. 
108 X 60 XK m 


219) E (volts) 
erein the symbols have the same meanings as in Art. 602, 
xcept: P = the number of field poles. m = the number of 
arallel conducting paths between the positive and negative 
rush sets; that is, Cp + m is the number of inductors or arma- 
ure conductors in series between positive and negative brush sets. 


Exampie.—A four-pole, lap-wound armature has 200 inductors. The 
ux per pole is 2,000,000 lines. It is rotated at the rate of 1,200 r.p.m. 
at e.m.f. is induced in it? Sorturron.—In a lap-wound armature there 
e as many conducting paths as poles (Art. 598). Substitute in the form- 
a (119): 


| 
pub X¢r XCrXrp.m. _ 4 X 3,000,000 x 200 x 1,200 


= 120 volts. 


10 x 60 X m 100,000,000 x 60 x 4 


ExampLe.—The armature of a four-pole generator has a wave winding 
nd comprises 200 inductors. It is rotated at a speed of 1,200 r.p.m. in a 
ield of 3,000,000 lines per pole. What e.m.f. is induced in this armature? 
;OLUTION.—There are always 2 conducting paths through a wave winding 
Art. 598). Substituting in the formula (119): 


PX ot XCrXr.p.m. _ 4 X 3,000,000 x 200 X 1,200 
10° X 60Xm- = 100,000,000 X 60 x 2 


R= = 240 volts. 


Note that the e.m.f. with this wave or two-circuit series winding is twice 
hat of the similar generator of the preceding example with the lap winding. 


604. Armature Resistance is the resistance of an armature as 
neasured between brushes of opposite polarity. The brush 
contact resistance (Art. 605) is not included in “armature resist- 
nee.’ The conductors of an armature constitute a divided 
ircuit (Art. 197) as shown in Fig. 336. Hence, the resistance of 
n armature may be computed by treating it as a divided circuit. 
n an armature for a two-pole generator there are two paths in 
varallel. In the armature of a four-pole generator (lap winding 
nly) there are four paths in parallel and so on. 
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Exampie.—lIf a coil of wire AC (Fig. 336,/) having a resistance of 1 ohm 
is formed into a winding on a bipolar-machine armature, the resistance of 
each of the two paths will be: 1 + 2 = 0.5 ohm. Then the resistance of 
these two paths in parallel—there are two paths in parallel through a bipolar- 
machine armature—would be: 0.5 + 2 = 0.25 ohm. Hence the armature 
resistance of this armature is 0.25 ohm. Similarly, if this 1 ohm coil is 
formed into the winding for a four-pole armature as at IJ, the “armature 
resistance” from the positive brush terminal K to the negative brush ter- 
minal Z would be 0.063 ohm. 

Exampie.—lf the “armature resistance” of a four-pole generator is 0.20 
ohm, what would be the resistance of the conductor comprising it if it were 
in one continuous length (like FJ, Fig. 336,J7)? Soxiutron.—Since there 
are four paths in parallel each section of conductor constituting one of these 
paths must have a resistance of: 0.20 X 4 = 0.80 ohm. Then these four 
sections if arranged in series would have a resistance of 0.80 X 4 = 3.2 ohms 


605. Brush Resistance and Brush-contact Resistance are 
always present. The brush resistance is the resistance of the 


Seen eee 1 Ob pn <= ——---f Ohm- - > 
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‘ ' Windings IX | ' 
i 1 i 
A250hm> \<-00630hm—>4 

I-Two Armature Paths ad-Four Armature Paths 


Fie. 336.—Illustrating the term “armature resistance.”’ 


brush itself and obviously varies with the volume and shape of 
brush just as does the resistance of any conductor. Brush-— 
contact resistance is the resistance which occurs at the plane of 
contact between brush and segment. The drop in voltage due 
to the combined effects of brush and brush-contact resistance 


may be about 1 or 2 volts in average machines under normal 
load. 


Fe 


Exampie.—Experience indicates that the brush resistance and brush-con- 
tact resistance combined will vary from about 0.2 to 0.4 ohm per sq. in. of 
each brush contact. The resistance varies with the current density (Art. 


239) through the brush and contact and with the circumferential speed of 
the commutator. 


606. Terminal E.m.f. The Brush E.m.f. of a Generator is the 
e.m.f. that the machine impresses on its brushes as distinguished , 
from the e.m.f. induced in the armature which is the armature 
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.m.f. The brush e.m.f. may differ from the armature e.m.f, 
fue to J X R drop (Art. 134) in the armature winding. When 
the generator is not carrying load, the brush e.m.f. and the 
armature e.m.f. will be practically the same. The terminal 
.m.f. is that which the machine impresses on the line. In a 
shunt-wound generator the brush e.m.f. is the same as the ter- 
minal e.m.f. In compound- and series-wound machines the 
erminal e.m.f. will be slightly lower, at any instant, than the 
rush e.m.f. because of JR drop in the series windings. 
607. The E.m.f. Impressed on an External Circuit by a 
enerator, that is, the terminal e.m.f., is the same as that induced 
nly when there is no current in the armature, that is, only when all 
xternal paths from the brushes are open. When there is a 
urrent in the armature there will always be an internal JR 
rop (Art. 134) in voltage init. The drop is due to the armature 
esistance (Art. 604) and the brush 
nd brush-contact resistances (Art. 
05). Numerically this internal 
rop, in volts, will be equal to 
(current in amperes) X (ohms arm- 
ature resistance + ohms brush and 
brush-contact resistance). The 
e.m.f. impressed on the line will 
be smaller than the induced e.m.f. Fie. 337.—Effect of Armature resis- 
by Penount of this | XR drop. tance on terminal e.m.f. 
ExAMpLe.—Assume the armature of Fig. 337 to be that of the 1,500 r.p.m. 
bipolar generator above (Art. 602). Then the e.m.f. induced by the arma- 
ture is 118 volts. If the armature resistance is 0.1 ohm and the brush and 
-ontact resistance for each brush is 0.02 ohm, what will be the terminal e.m.f. 
with a current of 60 amp. in the armature? Soxiution.—The drop in the 
armature will be 0.1 ohm X 60 amp. = 6.0 volts. .The drop due to brush 
and contact resistance will be: 2 < 0.02 ohm X 60 amp. = 2.4 volts. Then 
the votal drop is: 6.0 volts + 2.4 volts = 8.4 volts. Hence the terminal 
voltage at this load will be: 118 volts — 8.4 volis = 109.6 volts. 


608. The Resistance of the Entire Circuit Through Which 
Its E.m.f. impels Current Determines the Current in an Arma- 
ture. —This follows from Ohm’s law (Art. 134 also 528). The 
>.m.f. induced in the armature forces the current to circulate. 
The resistance determines the rate of flow or amperes. Consider 
in example: 


2 Brush and Contact 
JAmp.\i 3-002 Ohm 


npr} Brushand Contact 
&*Q02 Ohm 


ExAMPLE.—The armature of Fig. 338 is inducing an e.m.f. of 125 volts. 
[t is impelling a current through a circuit comprising the following compo- 


e 
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nents: (1) Armature winding, 0.04 ohm. (2) Two brushes and contact 
surfaces, 0.03 ohm each. (3) Two line wires, 1 ohm each, (4) Incandes- 
cent lamp, 100 ohms. What is the current in the circuit? Sonutron.— 
The total resistance in circuit is: 


PATMALUTGs. cas & sive) oe ee 0.04 ohm 
Two brushes @ 0.03 ohm each................ 0.06 ohm 
Two line wires @ 1 ohm each................. 2.00 ohms 
One. incandescent lamp.;c.... o. -. 2. 2 eee 100.00 ohms 
Total resistance in circuit................... 102.10 ohms 


Then applying Ohm’s law: J = E + R = 125 volts + 102.1 ohms = 1.22 
amp., which is the current J in the armature, line wires and lamp. 
Exampiye.—The voltage at Vi or the terminal voltage in the above 
problem, would be the induced e.m.f. less the armature and brush resistance. 
IR drops or: 125 volts — [1.22 amp. X (0.04 ohm + 0.06 ohm)] = 125 volts 
— 0.12 volis = 124.88 volts. Hence voltmeter V; should read 124.88 volts. 
Exampie.—The voltage V2 at the lamp would be the voltage V; less the 
IR drop in the line wires. Or: V2 = 124.88 volts — (1.22 amp. X 2 ohms) = 
124.88 volts — 2.44 volts = 122.44 volts. Hence V2 would read 122.44 volts, 


—————— in 


B.and C. R= Q03 Ohm Incandescent ~_ fl 
> Lamp 100 Ohms 
(7) \ 


A mature: (SS 
Resistance ' (7) 
Q04 Ohm iereete oes a ee / Ohm 


Band f= Q03 0hm 
) 


Fiq. 338.—Illustrating how the resistance in the circuit determines the 
current in the armature of the generator, i 


609. Capacity of a Direct-current Generator.—If the prime 
mover driving a generator has ample power, the current which © 
the machine will impel may be materially increased over that— 
for which the machine is rated. However, such overloading is 
possible only to a certain extent because the capacity of a 
machine is limited by one or all of three considerations: 


1. Excussive Sparxina at the commutator. If the current through the — 
brushes is much greater than that which they were designed to carry, they — 
will probably spark badly and they may “flash over,” that is, an are may © 
form between brushes of opposite polarity. 

2. Excrssivn InTeRNAL Drop or excessive I X R voltage drop in the 
armature. Since JX R drop in the armature decreases the terminal vol- 
tage of the Senerator, if the armature current is too great, the voltage which 
the machine impresses on its line terminals will become so low that it will 
not impel a sufficiently large current through the devices connected to the 
external circuit to operate them properly; the speeds of the motors will be- 
come too low and the incandescent lamps will become too dim, 


ic. 85) DIRECT-CURRENT-GENERATOR VOLTAGES 417 


| (3) ExcrsstvE Heamna. —The heating varies directly as the square of 
e current (Art. 167). If the current in a machine is too great, its con- 
jactors will become so hot that their insulations will be injured or “burnt 
$e ” 
| Nore.—Permissible Temperature Rises in Electrical Machinery are deter- 
hined by the temperatures the insulating materials will safely withstand, 
jnce the other materials in a machine are metals which may be subjected to 
ery high temperatures without damage. Ordinary combustible insulations 
ch as silk, cotton, paper and the like should never be subjected to tempera- 
res greater than that of the boiling point of water—212 deg. F. or 100 deg. 
Mica, asbestos and the non-combustible materials used for insulation 
ay, without injury, be subjected to temperatures as great as 257 deg. F. 
bout 125 deg. C.). 
In establishing temperature-rise ratings for electrical machinery, it has 
n arbitrarily assumed that the temperature (Ambient temperature) in 
e rooms where the machinery is installed will be 104 deg. F. (40 deg. C.).* 
his gives for the ordinary combustible installations, with the conditions 
stated, a permissible rise of: 212 — 104 = 108 deg. F. (60 deg. C.). For 
e non-combustible insulating materials the permissible rise is 257 — 104 
153 deg. F. (85 deg. C.). 


610. The Rating of a Direct-current Generator is the kilowatts 
power (Art. 159)—load that the machine will carry continu- 
sly without excessive (1) heating, (2) sparking or (3) internal 
ltage drop, Art. 607. If aload greater than that for which it is 
ted is imposed on a machine for an extended period, it will 
robably give trouble, due to one of the three above-mentioned 
auses. Nearly all generators are so designed and rated that 
hey will carry some overload for an hour or so without injury. 
ivery constant-potential (Art. 544), direct-current generator 
; designed to maintain practically constant some certain ter- 
1inal voltage when operated at its rated speed. It follows that 
he current circulated by the machine will vary directly with the 
ilowatts load on the machine—and inversely as the resistance 
f the external circuit. Because of the electrical losses in the 
1achine—J? X R (Art. 167), eddy-current (Art. 504) and hys- 
aresis losses (Art. 303)—a dynamo always generates more power 
han it delivers to the external circuit; see efficiency, Art. 176. 
Exampxe.—An 80-kw., 220-volt, 1,800-r.p.m. generator is one which will, 
hen its armature is rotated at 1,800 r.p.m., maintain 220 volts at its line 
rminals if the connected load does not greatly exceed 80 kw. This means 
1at this machine can continuously and satisfactorily circulate a current 
': 80,000 watts + 220 volts = 364 amp. In other words it will operate 
tisfactorily when impelling current in an external circuit having a resist- 
ice of (R = E +I = 220 + 364 =) 0.61 ohms or more. 


*A. I. E. E. Standardization Rule 305, December 28, 1916. 
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611. The Losses in a Direct-current Generator—or in any 
generator—may be divided into: (1) mechanical losses and (2) 
electrical losses. Furthermore, the electrical losses may be 
broadly subdivided into zron losses and copper losses. : 


1. Toe Mecuanicau Losses include journal or bearing friction, brush 
friction—the friction of the brushes on the rotating armature—and windage. 
Windage is the friction of the rotating armature on the air in which it is 
moving. These mechanical losses may vary with the speed of the machine 
but the rotational speed of a constant-potential generator is practically 
constant. It follows that mechanical losses are practically constant at all 
loads. A portion of the power input to the machine is consumed in supply- 
ing these losses and its net output is decreased accordingly. 

2. Tur Execrricat Losses.—Under iron losses may be grouped the hys- 
teresis (Art. 303) and eddy-current (Art. 504) losses in the armature and 
field cores. Under copper losses may be grouped the J? X R losses (Art. 
167) in the armature and field windings, the eddy-current losses in the cop- 
ser conductors and the losses in the controlling rheostats. Brush contars 
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Fia. 339.—Illustrating method of determining the efficiency of a generator, 


(Art. 605) I? X R loss is an electrical loss and is sometimes classed in aa } 
the copper losses. Most of the electrical losses increase with the load. 
612. Determination of the Efficiency of a Direct-current 
Generator.—Efficiency, see Art. 176, is the ratio of: the elec- 
trical power delivered by the generator to the mechanical pow 
received by it. Hence, the efficiency of a generator is also: 


‘ _ Unput) — (Losses) be Output. 
(120) Efficiency = la ore Taos 


: 

Probably the most convenient method of determining the 
efficiency of a generator consists in driving the generator (Fig. 
339) with an electric motor of known efficiency. The electrical 
power output of the generator in watts can be readily ascertained 
by multiplying the current and voltage readings obtained from 
an ammeter (Jg) and a voltmeter (Eg) connected in the generator 


c. 35) DIRECT-CURRENT-GENERATOR VOLTAGES 419 


reuit. The mechanical power input to the generator can be 
jund by measuring the electrical input to the driving motor (by 
jultiplying together the ammeter, J, and voltmeter, Ey,, read- 
igs) and then multiplying this result by the motor efficiency 
; this load. Their product will be the electrical input to the 
nerator in watts, it being assumed that the belt losses are 
egligible which they usually are in practical work. The effi- 
ency will be the ratio of the watts output to the watts input. 


| ExamMpLes.—Large generators have higher efficiencies than small ones and 
e efficiency of any generator will vary with the load, because the losses 
. 611) vary with the load. _A good 5-kw. generator will have a full- 
d efficiency of about 82 per cent., a100-kw. generator 91 per cent. and 
1,000 kw. generator 93.5 per cent. As an example of how efficiency varies 
is the load: For a 100-kw. machine the efficiency at full-load is 91 per 
.; 34 load, 90.5 per cent.; 44 load, 89 per cent. See the author’s AMERI- 
ee ccans’ Eis onoox for complete table showing full and partial 
ad efficiencies for generators ranging from 5 kw. to 1,000 kw. in capacity. 


613. The Output of Any Direct-current Generator, is equal 
watts (power output), to the product of the voltage and cur- 
nt delivered by the machine. This follows from the statements 
Art. 164. That is: 


121) Py XT (watts) 
ence 

122) E=P,y,=+I (volts) 
nd 

123) Il=P,+E (amp.) 


Vherein Py = power output of the generator, in watts. H = 
m.f. impressed by the machine on its external circuit, in volts. 
= current, in amperes, flowing through the line terminals of 
ne machine. It follows that: 


124) Pr= ane (kw.) 
ence 

[25) K= Bea 7 tl (volts) 
nd 

26) pa tex (ante 


Therein the symbols have the same meanings as above except: 
= power output of the generator in kilowatts. 
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Exampte.—If a voltmeter (Fig. 340,7) connected across the terminals 
of a direct-current generator reads 220 volts and an ammeter cut in the line 
reads 40 amp., the watts power output of the machine is: Py = HE X¥ T= 
220 X 40 = 8,800 watts. In kilowatts the power output would be: Pg= 
(E XI) + 1,000 = (220 X 40) + 1,000 = 8,800 + 1,000 = 8.8 kw. { 

Exampie.—If a generator (Fig. 340,I7) is developing 44,000 watts and 
the current through its terminals is 200 amp., the terminal voltage of the 
machine will be: E = Pw + I = 44,000 + 200 = 220 volts. If the watt- 
meter reads 44 kw., then the voltage would be computed thus: E = (Px ¥ 
1,000) + I = (44 X 1,000) + 200 = 44,000 + 200 = 220 volts. 

Exampie.—The current through the terminals of the direct-current gen- 
erator of Fig. 340,J7J, which is developing 312 kw. at a pressure of 110 
volts would be: I = (Px X 1,000) + E = (312 X 1,000) + 110 = 312,000 
+ 110 = 2,840 amp. r 
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Fia. 340.—xamples in the computation of power output of direct-current 
? 


generators. 


614. The Output of a Direct-current Generator in Horse 
Power equals its output in watts divided by 746 (Art. 166) or 
its output in kilowatts divided by 0.746. Thus: 


(127s © HP = Py 746 (h.p. 
and 

(128) Py = HP x 746 (watts) 
or i 
(129) HP = Px ~ 0.746 (h.p.) 
and 

(130) Px = HP X 0.746 (kw.) 


seein —It & generator is developing 2,000 watts, it is developing: 
HP ae Pw aa 746 = 2,000 + 746 = 2.68 HP. Orifa generator is develop- 
ing 85 kw., it is developing: HP = Px + 0.746 = 85 = 0.746 = 114HP. 
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AMPLE.—A generator developing 24 h.p. is producing: Pw = HP X 
= 24 X 746 = 17,900 watts. Or this same generator is producing Px = 
X 0.746 = 24 X 0.746 = 17.9 kw. ° 

615. The Power Input of a Generator, that is the mechanical 
pwer required to drive the generator at any load is equal (Art. 
|2) to the power output of the generator at the given load divided 
y the efficiency of the generator at that load. The efficiencies 
the different kinds of generators at different loads are tabu- 
ed in the author’s American ELEcTRICIANS’ HANDBOOK. 
ated as a formula: 


31) Pj = = (input) 
Po 5 5 
32) E = p. (efficiency, decimal) 
£ 
d 
33) o=@=PrXE (output) 


herein P; = the power input to the generator. Po = the power 
tput of the generator. E = the efficiency of the generator 
ich is usually expressed as a percentage. Note that P; and 
must always be expressed in the same units, which may be 
her watts, kilowatts or horse power. 


Exampe.—lIf the power output of a generator is 90 kw. and its efficiency 
that output is 80 per cent., the corresponding input is: Pr = Po + E = 

) + 0.80 = 112.6 kw. 

Where the electrical power output in kilowatts is known and 
is desired to ascertain the mechanical power input in horse 

ywer necessary to drive the machine at the given load, the fol- 
wing formula may be used: 


lage OK 100 Pox X 134 


2) 46 E (hp) 
35) Pox=HP, X E X 0.00746 (kw.) 
i Deve | 
x , F 
E = OK ffi , t. 
36) HP, (efficiency, in per cent.) 


herein HP; = the power input, in horse power, necessary to 
ive the generator at the given load. Pox = the given load out- 
it of the generator, in kilowatts. E = the efficiency of the 
nerator at the given load output, in per cent. 
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ExampLe.—What horse power is required to drive the 150-kw. generator 
of Fig. 341, when it is developing its full rated load of 150 kw.? The ma- 
chine has a full-load efficiency of 91.5 per cent. SoLutron.—Substitute 
the formula (134): 

Pox X 134 _ 150 X 134 
H Yj E <I 91.5 


= 219h. p. 


130Kw. Direct 
-~“Corrent 
\Cererator 


<= 


Fia. 341.—What power necessary to drive generator, 


ExampLe.—If the power input to a generator which has an efficiency 
80 per cent. is 70 h.p., the output of the machine will be: Pox = HP; X E 
0.00746 = 70 X 80 X 0.00746 = 41.8 k.w. 

Examp.e.—lIf a generator is developing an output of 246 kw. and i 
power input is then 364 h.p., what is its efficiency at this load? Sonurion. 
Substitute in the formula: E = (Pox X 134) + HPr = (246 X 134) +3 
= 32,964 + 364 = 90.5 per cent. efficiency. 


SECTION 36 


|DIRECT-CURRENT-GENERATOR CHARACTERISTICS 


616. Characteristic Curves of Generators are graphs which 
low how the e.m.fs. developed by the machines vary with the 
d—that is with the current output. Fig. 348 which follows 
icates typical examples for machines of the different classes. 
characteristic graph of a machine offers a graphic statement of 
peculiar qualities or traits. It is therefore obvious that a 
neral familiarity with the typical characteristics of the genera- 
s of the different classes is valuable. 


Magnetization 
Cheracteristic 


Volts (AtArmature Terminals) 


0 Amperes (Fie/o Current) 


Fic. 342.—Open-circuit characteristic graph of a direct-current generator. 


617. The Open Circuit Characteristic of a Generator, some- 
mes called the magnetization characteristic, is shown for a 
pical case in Fig. 342. This graph shows how the términal 
n.f. of the generator changes as the field current is varied. 
taking data for plotting a graph like this, the field should 
separately excited, Fig. 292. Current values, plotted hori- 
ntally, are the readings of an ammeter connected in the field 
cuit. Voltage values, plotted vertically, are the readings of 
voltmeter connected across the armature terminals as the 
mature is rotated at the rated speed of the machine. 


Yore.—With zero current in the field, there is a small voltage OV devel- 
sd. This is due to residual magnetism (Art. 556). As the field current 
423 
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is increased the voltage increases. For low field currents the voltage rises 
rapidly as the field current is increased. However, beyond the knee K of 
the curve a considerable increase in field current is required to effect a small 
increase in voltage. At about the point K the magnetic circuit becomes 
saturated (Art. 248). Obviously the open-circuit characteristic graph is 
merely a reproduction, in a rough way, of the magnetization graphs of 
Fig. 147 which should be reviewed. 

618. The Characteristics of a Series Generator (review Art. 
558 on the ‘‘Series Generator’’).—The graph is shown in Fig. 343. 
Fig. 344 indicates how the instruments might be connected in 
the circuit to obtain data for plotting the graphs; current and 
voltage values are plotted as in the preceding article. It is as- 
sumed that the armature is being rotated at constant speed. 
With the external circuit open at switches S; and Se, there would 
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Fic. 343.—Characteristic graphs of a series-wound generator. 


be no field current and the voltage impressed on the external 
circuit across S,S_ would be only (OV) due to residual magnetism. 
If now 8; and Sz be closed, a current will be circulated in the 
external circuit. As more load—lamps or other devices—is 
connected across the line, the external-circuit resistance is de- 
creased. This permits a greater current to flow, which strength- 
ens the series field, effecting the induction of a greater e.m.f. 
The voltage iapreset on the external circuit rises, as VK. 
However, with too great a current, the internal. IR drop becomes 
excessive and as the current is Rather increased due to decreased 
external-circuit resistance, the terminal voltage will drop off as 
from K to B. The Sanh VKB is the external characteristic of 
the machine. 


The graph OA shows the internal IR drop in the field coils and 
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armature. The resistance of these members remains constant; 
hence the drop due to them increases directly with the load. This 
drop, in addition to that in the external circuit, must be overcome 
by the e.m.f. induced in the armature of the machine. There- 
fore, if the internal TR drop graph OA be added vertically to 
the external J X R drop graph (for that is what it is) VKB, 
their sum will be the graph VLC, which indicates the internal 
characteristic of the generator—that is, how the e.m.f. induced 
in the armature varies as the current in the circuit changes. 
The internal-characteristic curve of the machine would be iden- 
tical with its magnetization curve were there no armature reac- 
tion (Art. 583). 

If the resistance of an external circuit fed by a series generator 
is too low, an excessive current will circulate and the terminal 
e.m.f. of the machine will decrease excessively due to great 
internal J drop and armature reaction. On the other hand, if 


Series Fie/a! 


| Series 
nerator 


Armoture Incandescent Lamps” 


Fia. 344.—Series generator serving load, with instruments for taking character- 
istic graph data in circuit. 


the external-circuit resistance is too high a current sufficient to 
nagnetize the fields will not circulate and hence the generator 
will not operate. 


Norr.—Series generators are sometimes called constant-current generators, 
ot because they inherently produce constant currents but because they 
re inherently adapted for the development of the e.m.f. for constant- 
urrent series circuits. See Art. 558 on the ‘Series Generator” and Art. 544 
nm “Constant-current Generators.” 


619. The Characteristics of the Shunt-wound Generator.— 
\ typical characteristic curve is shown in Fig. 345. Fig. 346 
ndicates how the measuring instruments should be connected 
or obtaining the data which is plotted into curves as described 
n preceding articles. 

When a shunt-wound generator (Art. 559) is rotated at its 
ated constant speed, its field immediately “builds up” (Art. 
56) even though switches S. and S; are open and there is no 
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current in the external circuit. This is shown in the graph. 
If the external circuit now be closed (by closing Sz and S3) the 
armature e.m.f. will circulate a current in it. As the external- 


. 


circuit resistance is decreased the line current increases, hence 


the armature current increases. This causes a drop in the voltage 
impressed on the brushes because of three conditions: (1) 
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Fie. 345.—Characteristic graph of a husk wae generator. 


The internal armature J X R drop (Art. 134) is increased. (2) 
The back ampere-turns (Art. 586), causing armature demagneti- 
zation, are increased. (3) These two effects decrease the brush 
e.m.f. which decreases the field current, causing a still further 
lowering of the terminal or brush e.m.f. 
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Fre. 346.—Shunt generator serving load, with instruments for taking charac- 
teristie graph data in circuit. 


As the load on the generator is increased, the voltage impressed — 


on the external circuit continues to drop as shown in Fig. 345. 

If the external-circuit resistance is so greatly decreased that the 
line current exceeds the value X, the voltage decreases very 
rapidly and the impressed e.m.f. fale to zero. This is because 
the field-core magnetization falls to a value below the knee of the 
curve (Art. 248) when the voltage falls to the value X so that, as 
the field-magnetization current decreases, the flux and e.m.f. 
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diminish very rapidly. That external-circuit resistance which 
is low enough to cause a shunt generator to thus rapidly demag- 
netize is the critical resistance for that machine. 


Nore.—The point z, Fig. 345, where the voltage of a generator drops off 
rapidly with increase in load is beyond the operating range AB of the ma- 
chine and hence is of theoretical interest only. 

Exampies.—A shunt-wound generator may be considered a constant 
e.m.f. generator and hence under certain conditions may be applied for the 
services outlined in the “Example” under Art. 544. But although shunt- 
wound generators develop fairly constant terminal voltages even under 
varying loads they do not operate as satisfactorily as compound-wound 
machines (Art. 560) nor do they produce as constant voltages. Shunt- 
wound generators have, in practice, been almost entirely superseded by the 
compound-wound machines, 


620. Characteristics of the Compound-wound Generator.— 
As outlined in Art. 560, a compound-wound machine is a combi- 
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Fie. 347.—Compound-wound generator serving load, with instruments in circuit 
for taking characteristic graph data. 


nation of a series and a shunt machine. Hence,its characteristic 
is the resultant of the characteristics of the shunt and series 
generator. Fig. 347 shows the arrangement of instruments for 
taking the data for plotting the external characteristic graph and 
Fig. 348 delineates the graph. The dashed line shows how the 
terminal voltage impressed on the line would vary with the load 
if the machine had only its shunt-field winding. 

If, however, a series-field winding of the proper number of 
turns be incorporated, then the terminal voltage will be as indi- 
eated by the full line. The dot-dashed line shows how that por- 
tion of the terminal voltage due to the series winding increases 
as the load increases. The height of the full-line graph above 
the horizontal reference line is at any point equal to the sum of 
the heights of the dashed and the dot-dashed graph. This series- 
winding graph rises very gradually (instead of abruptly as does 
the series-generator curve of Fig. 343) because the series winding 
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of a compound machine has relatively few—or the equivalent of 
relatively few—turns. The magnetization due to the series 
winding can be so proportioned that it will compensate or more 
than compensate for the tendency toward decrease in voltage 
due to internal J X R drop (Art. 606) and armature reaction 
(Art. 583). 


ExampLes.—Compound-wound machines are now used almost invari- 
ably where a constant-e.m.f. direct-current generator is required. They are 
utilized in railway work and for electric lighting and power transmission 
where it is not necessary to distribute the energy over great distances. A 
compound-wound generator is a good example of a constant-e.m.f. (Art. 544) 
generator. 


621. A Flat-compounded Generator is one having the number 
of its series turns so proportioned that the terminal voltage is 


Fia. 348.—Characteristic graphs of compound-wound generator. 


maintained (without field rheostat regulation) practically con- 
stant at all loads within its range. Usually in these machines 
the full-load voltage H, F ig. 348, is the same as the no-load 
voltage, I; and the voltage J at intermediate points is a trifle 
higher. It is difficult if not impossible to so proportion the field 
windings that the characteristic graph will be absolutely “flat” 
throughout the entire range of the machine. 

622. An Over-compounded Generator is one having the num- 
ber of its series turns so selected that its full-load voltage is 
greater than its no-load voltage. Over-compounding is neces- 
sary where it is desirable to maintain a practically constant vol- 
tage at some specified point out on the line distant from the 
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generator. Over-compounding compensates for line drop. Gen- 
erators are usually so “compounded” that their full-log€l terminal 
e.m.fs, are from 3 to 10 per cent. greater than their no-load 
-e.m.fs. 


Exampie.—Assume that each of the line wires of F ig. 347 has a resistance 
of 1 ohm, that each of the lamps constituting the load should have 100 volts 
impressed across its terminals and that each lamp takes 1 amp. Then with 
one lamp burning the line drop would be: 1 amp. X 2 ohms = 2 volts. 
Hence, with only one lamp burning the generator terminal e.m.f. would have 
to be: 100 + 2 = 102 volts. But with four lamps burning the line drop 
would be: 4 amp. X 2 ohms = 8 volts; with four tamps burning the gener- 
ator terminal e.m.f. would have to be 100 + 8 = 108 volts to insure 100 
volts across the lamps at the end of the line. Note that the generator e.m.f. 
must be increased as the load connected to it increases if the voltage at a 
given point out on the line is to be maintained constant. That is, the gen- 
erator must be over-compounded. In the imaginary case just described, 
assuming that 4 amp. (or: 4 amp. X 100 volts = 400 watts) is the rated 
capacity of the generator, it should be so over-compounded that its no-load 
termina] e.m.f. would be 100 volts and its full-load e.m.f. would be 108 volts. 


623. Voltage Regulation—The voltage regulation of a gen- 
erator is the percentage of the full-load terminal e.m.f. that the 
terminal e.m.f. decreases, from no load to full load or: 

(No-ld Voltage) — (Full-ld Voltage) 
Full-load V oltage 


The voltage values should be taken with the speed of the 
machine constant. ‘Voltage regulation” refers only to the 
changes in voltage that occur when the load on it changes, 
because of conditions within and brought about by the machine 
itself. 


Exampte.—The “regulation” of a shunt-wound generator is poor, Fig. 
345 because its terminal voltage “drops off” considerably at full-load. The 
regulation of a flat-compound generator (Fig. 348 is practically perfect be- 
cause its terminal voltage is the same at full as at no-load. A generator 
having a no-load voltage of 110 and a full-load voltage of 103 would have a 
regulation of: (110 — 103) + 103 = 6.8 per cent. 


(137) Voltage Regulation = 


624, “Voltage Control” of Generators refers to changes in 
mpressed voltage effected by attendants manipulating field 
‘heostats or to changes effected by automatic control apparatus. 
‘Regulation”’ (Art. 623) is due to the machine itself. ‘Control’ 
s due to some external source. 


Exampiy.—The terminal voltage of a shunt or compound generator can 
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be controlled by adjusting the shunt-field rheostat. If the resistance in the 
shunt-field circuit (Art. 559) is diminished the shunt-field current increases 
and the terminal voltage is correspondingly increased ; the reverse is also true. 
If the speed of the prime mover—engine, water wheel or the like—changes, 
the terminal voltage of the generator it is driving will change. Where such 
speed changes are not too frequent the terminal voltage of the machine can 
frequently be maintained reasonably constant by suitable adjustments of — 
the field rheostat. Autoniatic voltage regulators (the operation of which is 
explained in the author’s CENTRAL STATIONS) can be purchased which will 
maintain the voltage of a machine practically constant regardless of wide 
variations in speed and load. 


SECTION 37 


DIRECT-CURRENT-MOTOR PRINCIPLES 


625. An Electric Motor (Fig. 349) is a device for converting 
electrical energy into mechanical energy. Note that a motor is 
just the “opposite” of a generator as defined in Art. 509. A 
motor will supply mechanical power when a current due to some 
external source of e.m.f. is forced through it. The motion of a 
motor is due to the reaction between: (1) the current flowing in a 
set of conductors mounted on an armature; and (2) a magnetic field 
in which the conductors and their armature rotate. The motor 
exerts its mechanical effort or torque as a pull on a belt or thrust 
on a gear or a twisting force on a shaft. 

626. How a Direct-current Motor Converts Electrical Energy 
into a Mechanical Energy is explained in detail in articles which 
follow. Briefly the situation is this: 


ExpLanation.—A direct-current motor is the same as a direct-current 
generator in construction. When a motor is connected to a source of e.m.f. 
—for example to a generator as in Fig. 350—the e.m.f. developed by the 
generator will impel a current through the motor armature and a current 
through the motor field windings. Certain electromagnetic reactions (Art. 
434) then occur between the armature and the field which cause the motor 
armature to rotate and pull its load. 

The motor will itself, in a way to be described (Art. 635), tend to govern 
the intensity of the current which flows through it. When pulling a small 
load, the current taken by a motor will be small. When pulling a large 
load, the current taken by a motor will be correspondingly large. That is, 
with the impressed e.m.f. remaining steady, the current taken at any instant 
will be almost exactly proportional to the load which the motor is pulling 
at that instant. 

It has been shown that: power in watts = volts X amperes (Art. 164). 
This holds true for a motor. The amperes input to the motor multiplied 
by the voltage at the motor terminals equals the electric power taken by 
the motor. The mechanical power delivered by the motor is somewhat 
smaller than the input power because there are certain losses in motors 
similar to those in generators (Art. 611). But if the motor power input be 
multiplied by the efficiency (Arts. 176 and 676) of the motor, the product 
will be the power available at the motor pulley for doing mechanical work. 
See following Arts. 675 to 677 for formulas and examples further explaining 
this principle. 

43] 
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627. The Principle of Operation of an Electric Motor is based 
on the phenomena described in Art. 434 where it is shown that 
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Fie. 349.—Typical sectional view of a vertical direct-current motor. 


there is always an electromagnetic force acting on any current- 
carrying conductor located in a magnetic field. This can be 
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readily demonstrated with the simple apparatus shown in Fig. 
352. Figs. 214 and 351 picture this action on one coffluctor in 
a field. Now if a conducting loop like that of Fig. 353 be 
mounted on an axis O (Fig. 354) in a magnetic field and current 
be forced through the loop, electromagnetic forces develop tend- 
ing to cause the loop to rotate. 


Constant Voltage Direct-Current 
Direct -Current. Motor 
Turbo Genera/sor_\ f 


Be/t Drive’ * — i 
Machine being driven 


Fie. 350.—Illustrating the conversion of electrical energy into mechanical 
energy by the use of an electric motor. 


EXpLaANATION.—As explained in Art. 434, when a conductor carrying 
current is placed in a magnetic field, the resultant field—that due to a com- 
bination of the original field and the field due to the current in the conductor 
—is stronger on one side of the conductor than on the other. This produces 
an excess of flux lines (field strength) on one side of the conductor and a 
deficit on the other side as shown in Fig. 354. The flux on one side of the 
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Fie. 351.—Illustrating action on a current-carrying conductor in a magnetic 
field. (The conductor would be forced up out of the field by the magnetic 
reaction.) 


conductor is distorted—“bunched.” The distorted flux lines, displaying 
their characteristic taut-rubber-band-like tendency (Art. 56) endeavor to 
straighten out, thus forcing the current-carrying conductor to move in a 
lirection at right angles to the field. Another way of stating this same fact 
s: The current-carrying conductor tends to move from the strong field to 
1 weaker one. 

With a conducting loop like that of Figs. 353 and 354 in a field. a current 

23 


434 PRACTICAL ELECTRICITY [ArT. 627 


I- Swinging Yoke 


Te/ephone 
Ringer 


tg Nw ome 


“Bare No./8 Copper Wire 


IW-Current In Y-Current Out V1-Current Out W-Current In 
N Pole Above N Pole Above N Pole Below N Pole Below 


Fie. 352.—Showing how a current-carrying conductor is thrust from a 
magnetic field. 


With the arrangement shown (which can be assembled in a few minutes) and 
one dry cell the thrusting effect of a magnetic field on a current-carrying conduc- 
tor can be readily demonstrated. Try it first as at I; the yoke will be forced 
from the field as at IV. Then reverse the direction of current through the swing- 
ing yoke and the yoke will be thrust in the opposite direction as at V, in the oppo- 


site direction. Now turn the magnet over and repeat the experiment as at VI 
and VII, 


hs Direction Direction 
Ax/sy F 


Generator: , CUE nee 
Fia. 353.—Illustrating action on a current-carrying loop in a magnetic field. 


{Loop would rotate in clockwise direction. Right-hand side would go down and 
left-hand side would go up.) 


a ee 


a] 
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in the loop will produce magnetic interactions, as indicated in the illustra- 
tion, between each of the sides of the loop and the field. Bothigsides of the 
loop act in unison and tend to produce rotation of the loop around its axis o. 
The directions of the flux about the sides of the loop of Fig. 354 may be veri- 
fied by applying the hand rule of Art. 427. 

When the loop has rotated until it has assumed a position at right angles 
to the direction of the field, the tendency to cause its rotation becomes zero 
as shown in Fig. 355,I. However, in an actual motor, when a given loop 


“Pole Pieces-~ 
0 


Fie. 354.—Showing how flux distortion tends to produce rotation of a loop, which 
carries current, located in a magnetic field. 


rotates into the position of J, its commutator (Art. 529) reverses the current 
in it and the flux is then distorted somewhat as shown at III. With the 
conditions as shown at [JJ there would be no tendency for the loop to rotate 
in either direction. It would be on a “dead-center.” But in actual motors 
there would be other loops on the armature in about the position of Fig. 354 
which would force the loop of ITI to move in the direction of the arrow from 
the “dead-center” position; once displaced from this position, it would 
continue to rotate as hereinbefore described. 


fa Z 
= | YG 


Zz 


I-Loop in Vertical I-Polarity -CurrentinLoop 
Position of Loop Reversed 


Fie. 355.—Flux about a loop in a magnetic field through which current 
(electrons in motion in the conductor) is being forced. 


ANOTHER ExPLANATION (sometimes offered that does not, however, tell 
the entire story) which accounts for the rotation of a current-carrying loop 
na magnetic field is this: Consider that each loop (Fig. 355,JJ) constitutes 
un electromagnet (Art. 215) having at one face a N pole and at its other 
ace a S pole. Then the N pole of the loop is always attracted by the S 
yole of the motor-field magnet and repelled by N pole of the field magnet. 
n Fig. 354,/7, the S pole of the loop is attracted by the N pole of the field 
nagnet and repelled by the S pole of the field magnet; thus the loop is forced 
nto the position of Fig. 355,/. 
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It would remain held in this position, but at this instant the commutator 
(Art. 529) reverses the current through the loop as shown in Fig. 355,IIJ. 
Now the S pole of the loop is repelled by the S pole of the field magnet and 
attracted by the N pole of the field magnet, insuring a continuation of the 
rotation. This explanation follows from Maxwell’s law (Art. 211) which 
states that: Any current-carrying coil will tend to assume such a position that 
the flux enclosed by it will be a maximum and all in the same direction. 

A StmpLe Exvectric Moror (Fig. 356) which will operate on a dry cell can 
be constructed in a few minutes. ‘This little machine will afford a splendid 
demonstration of the principles hereinbefore outlined. 


Very Thin Sheet Metal 
Telephone -Ringer Na 30 Bare ¢Nal8 Bare Wire 


Copper 


Wire, 
B : 
Brush Sheet 
Le Mefal 
I-Bearings 
I- Brushes 
F 
ace & ¥-Wood Screw 
| IW-Thumb Tack 
Thumb Tacks or oo Shan ft 
. oy. a. 
Ordinary Tacks (Pin or Nail) 


Commutator: rth Me “Piece of Solid Ena 

(Pins or Nails): of Shade Roller 

\ “20 Turns (Total) Insulated . 
Copper Wire 


M1- Armature 
I- Improvised Motor 


Fig. 356.—Showing how an electric motor can be quickly made. 
This experimental motor can be easily. made from materials usually available. 


ee Se yt = 


It will operate on one dry cell. It demonstrates the fundamental principles. — 


Reverse the direction of current through the armature by transposing the con- 
necting wires at FE and F or at Gand H and note that the direction of rotation of 
the armature is thereby changed. Reverse the direction of the field by turning 


#8 magnet upside-down and note that this will also reverse the direction of 
rotation, 


628. Any Electric Generator Will Operate as a Motor.—It 
follows therefore that the constructional details of motors are in 
general the same as those of generators as described in preceding 
sections. For certain special motor applications, such as those 
in railway, mining and hoisting work, it is necessary that very 
compact and sturdy construction be used and that the motors 
be of the enclosed type to insure against the entrance of dirt. 
Such motors are different in mechanical construction from ordi- 
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nary generators but electrically they are essentially the same as 
generators and could be used as such. Many métors have 
two-circuit or series-armature windings (Art. 598) which require 
only two sets of brushes regardless of the number of poles. 
This type is used in railway and automobile service since it 
permits of the two sets of brushes being located in readily acces- 
sible positions. 

_ 629. The Force Exerted on a Current-carrying Conductor in 
a Uniform Magnetic Field (at right angles to the direction of the 
field) which tends to move the conductor in the direction in- 
licated by the left-hand rule of Art. 513, may be computed: 


138) F, = 0.00062 Xx IXLXB pene. 
yr i 

| IXLXB 

139) Fy, = 0.000,000,088 X IX LXB= eT ee 
85XIXLXB 

139A) Bee el IB (hounds) 


100,000,000 


Vherein Ff, = force, in grains, exerted on the conductor. (Notre 
hat there are 7,000 grains in 1 lb.). Fy = force, in pounds, ex- 
rted on the conductor. J = current flowing in the conductor, in 
mperes. L = length of the conductor, in inches, in the uniform 
nagnetic field, at right angles to the direction of the field. B = 
lux density of the magnetic field, in lines per square inch. 


ExampLe—What force, in grains, is exerted on the conductor shown in 
ig. 351? The current in the conductor is 40 amp., the flux density is 
29,000 lines per sq. in. and the length of the conductor in the field is 534 
1. SoLutTion.—The conductor in this case would be forced down (hand 
ile, Art. 427 and Fig. 254) and with a force of: F, = 0.000,62 x I x L 
.B = 0.00062 40 X 5.75 & 129,000 = 18,400 grains. 

The force exerted, in pounds, on the conductor would be: Fip. = 0.000,- 
0,088 x I xX L X B = 0.000,000,088 x 40 x 5.75 X 129,000 = 2.6 lb. 

Exampie.—What is the torque (Art. 173) or tendency to rotate developed 
y the loop in Fig. 353? Each side of the loop is 7.9 in. long. The diameter 
the loop is 6.3 in. The flux density of the field is 97,000 lines per sq. in. 
ad the current flowing in the loop is 12 amp. Soxurion.—Substitute in 
e formula (139) to determine the force exerted on each side of the loop: 

IE Se Ib) Se Ys xX 7.9 X 97 
~ 11,300,000 ~ 11,300 
This force is exerted on each side of the loop hence the force exerted on 
th sides of the loop is: 2 X 0.82 = 1.64 lb. The force is exerted: 3.2 

+ 12 = 0.26 fi. from the axis. Hence, the torque is: 0.26 ft. x 1.64 lb. 
0.43 1b.-ft. torque. 


Fyp. —I0:S 2m Ips 
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630. The Total Torque Exerted by All of the Conductors on a 
Motor Armature (Fig. 100) may be ascertained by using the 
formula given below. The force acting on one current-carry- 
ing conductor tending to move it in a magnetic field may be 
computed as suggested in Art. 629. When a number of con- 
ductors are arranged into an armature winding and current is 
forced through the winding by an external e.m.f., a magnetic 
force is exerted by the field on each conductor. The forces on 
all of the conductors act in unison and thus produce a torque 
(Art. 173) on the armature shaft. This total torque is—with a 
given current flowing—independent of the speed of the armature: 


PX op Mela 


(140) T = 85,200,000 Xm Torque (lb. at 1 ft. radius) 
or 4 
(140A) TT = 0.000,000,01175 X P X de X Cr X Ig +m : 


The above equation may be often written conveniently as, T = 
constant X ¢XI1,. The value of the constant will be determined 
by the construction of motor, but will always remain the same 
value for any given motor. Wherein 7 = total torque exerte 
by the armature, in pounds, at 1 ft. radius (Art. 173). P 
number of poles of motor. ¢p = total useful flux per pole, 2.e. 
number of lines of force per pole that cut armature conductors. 
Cy = number of active inductors on the armature. J, = tota 
current, in amperes, forced through the armature from the line. 
m = number of armature paths between the brushes. | 


ture having 80 armature conductors with a current of 20 amp. in the arm 
ture circuit? The flux per pole is 400,000 lines. The armature has 
multiple winding. Sonturron.—In a multiple-wound armature there are 4 
many armature paths as poles; hence in this case there are four paths. 
Now substituting in the formula: T = (P X ¢p X Cr X I)/(85,200,000 
xX m) = (4 X 400,000 x 80 & 20) + (85,200,000 x 4) = 7.5 lb.-ft. torque. 


Exampie.—What would be the torque exerted by a four-pole motor ae 
= 


631. Counter E.m.f. is a phenomenon which occurs in electri¢ 
motors and which should be thoroughly understood. When any 
conductor cuts flux there is an e.m.f. induced in the conductor, 
Art. 416. This is just as true of the conductors of a machine 
when it is operating as a motor as when it is running as a gen- 
erator, because in both cases the armature conductors are rotat- 
ing in a magnetic field. Furthermore, the e.m.f. induced in the 
armature conductors in a motor is in the same direction as that 
induced in the machine if operated as a generator. But this 
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-m.f. induced in a motor armature is in a direction opposing 
(but is never as great as) the e.m.f. which is impres#ed on the 

rmature and which causes it to rotate. The hand Tules, 

igs. 208 and 209 confirm this statement. It is also in conform- 
ity with Lenz’s law (Art. 435). Since this induced e.m.f. is in a 
direction opposing the impressed e.m.f. and since it tends to 
impel a current in a direction opposite to that of the current 
which causes the motor armature to turn it is termed the counter 
or back e.m.f. of a motor. 

632. The Effect of Counter E.m.f. is to limit the current in a 
motor armature. The resistance of any motor armature is 
always very small. Frequently it is much less than an ohm. 
Hence, it is evident that if the normal line e.m.f. is impressed 
directly on an armature of a motor, an excessive current will 
flow unless there is something to limit the current to a reasonably 
safe value. As will be shown, resistance is inserted in series with 
un armature to limit the current while the armature is being 
tarted (Art. 633). The counter e.m.f. developed by the arma- 
ure limits the current after the armature has commenced rotat- 
ng. Obviously, when a motor armature is at rest the counter 
.m.f. developed by it is zero. When the armature starts to turn 
t commences to induce a counter e.m.f. and as it ‘speeds up” 
he counter e.m.f. increases. 

When an armature is at rest the intensity of the current 
hat will flow in the armature is determined solely by Ohm’s law 
I = E + R)—by the impressed voltage and the resistance in 
hms of the armature as shown in the following example. When 
he armature is rotating, the counter e.m.f. induced, since it is 
n a direction opposite to that of the impressed e.m.f., has the 
ffect of decreasing the effectual impressed e.m.f. That is, the 
.m.f. which is actually effectual in forcing current through the 
rmature is the difference between the impressed e.m.f. and the coun- 
or e.m.f. As shown in the following example, this difference— 
hat is the effectual e.m.f.—may be but a few volts, even when 
he impressed e.m.f. is several hundred volts. 

Nots.—tThe action of motor counter e.m.f. may be better understood 
y a consideration of Fig. 357. Where a 100 volt generator is shown, dia- 
rammatically, forcing current through a rotating armature. It is assumed 
at the generator and motor are very close together and that the connecting 
ads are large so there is practically no voltage drop in them. The voltage 


apressed on the armature is, then, as represented by the length of the heavy 
ished line, 100 volts. The counter e.m.f, induced by the rotating arma- 
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ture is (dot-and-dashed line) 90 volts and is in the opposite direction to the 
impressed e.m.f. Then obviously the effectual e.m.f., the pressure available 
to force current through the armature, is: 100 volts — 90 volts = 10 volts as 
represented by the short black line. 

Exampiye.—A 500-volt motor armature (Fig. 358) has a resistance of 0.2 
ohm. (1) What current will flow in the armature if it is restrained irom 


100-Volt Direct 
Current 
poenera tor 


Rotating 
Motor- 
Armature.. 


-—> 


Fie. 357.—Illustrating impressed, counter and effectual e.m.fs. of a motor. 


rotating and the rated voltage of the machine, 500 volts, is impressed across 
it? (2) If, when rotating at its full-load speed the armature induces a 
counter e.m.f. of 490 volts, what current will then be forced through the 
armature? SoLiutTron.—(1) With the armature at rest its resistance alone 
limits the current through the armature and in this case the current would 
then be: 7 = E + R=500 volts + 0.2 ohm =2,500 amp. (2) With the 


Direct~Current-4___ 
Generator | 4. 


Motor Armature’ Se => = te —> —s i} 


R=02 Ohm 


Fie 358.—Direct-current generator forcing current (electrons in motion) 


4 
A 
through a direct-current motor armature. 
¢ 


armature inducing a counter e.m.f. of 490 volts, the effectual e.m.f. would 
be: 500 volts — 490 volts = 10 volts. Then the current through the arma- 
ture would be: 10 volts + 0.2 ohm = 50 amp. > 

633. The Function of a Starting Resistance (this matter is 
more fully treated in Art. 654) is to limit the armature current 
while the motor is being started and before it has attained its 
rated speed. Such resistances are usually arranged in series 
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with motor armatures about as shown in Fig. 359. When the 
motor is connected to the line, all of the resistances in series 
with the armature. The resistance may be great enough that 
the starting current is limited to any desirable value. However, 
as the armature attains speed, the resistance is cut out, step by 
step, until, when the armature is running at the speed at which it 
was designed to operate, all of the starting resistance will be cut 
out of the circuit and the armature will then be connected directly 
across the line. 

634. The Counter E.m.f. Induced in Any Direct-current 
Motor Armature Is the E.m.f. Which the Same Armature 
Would Develop If Operated in a Generator at the Same Speed 
and in the Same Flux.—It follows from this that the formulas 
of Arts. 602 and 603 may be applied for computing the counter 
e.m.f. of a motor. Thus, the e.m.f. induced in the armature of 


Generator, 


K 
ees “Stor ting ; (IM, 
Resistance TD 


Fig. 359.—Showing a motor-starting resistance. 


any direct-current motor may be computed by using the following 
formula which is identical with the generator formula of Art. 603: 


_ PX dp X Cr X r.p.m. (volts) 


(119) Es = 708 x 60 X m 


Wherein H, = the counter or back e.m.f. induced in the motor 
armature in volts. P = the number of field poles of the motor. 

» = the flux or number of lines of force per pole entering or 
leaving the armature. C7 = the total number of inductors 
‘Art. 541) on the armature (see Art. 541). th So the number 
yf parallel conducting paths between positive and negative 
srush sets (see Art. 598). R.p.m. = the number of revolutions 
»r turns per minute of the armature. ; 

635. The Speed of Any Direct-current Motor is, at any instant, 
letermined largely by the counter e.m.f. which it develops. 
The tendency of a direct-current motor is always to operate at 
speed such that the sum of the armature JR, drop and the 
ounter e.m.f. will just equal the impressed e.m.f. (Art. 632). 
t light loads the current, J will be small. Armature resistances 
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are small. Hence, at light loads, the armature drop, I X Ra, 
will be small. Therefore, at light loads, Hs will be large and may 
almost (but can never quite) equal the impressed e.m.f., E. 
Therefore, when a motor is pulling a light load its armature will 
tend to rotate at a higher speed than when it is pulling a heavy 
load. How the speeds of series-, shunt- and compound-wound 
motors vary, more or less, with their loads in accordance with 
this principle is discussed in Arts. 647, 662 and 669. 

636. The Essential Formulas Relating: to Counter E.m.f. 
are, it follows from the preceding discussion: 


(141) I, = ar (amp.) 
and transposing: ; 
(142) E, = E — (la X Ra) (volts) 
and 

(143) E = Ez + (la X Ra) (volts) 


Wherein J4 = current, in amperes, through motor armature. 
E =e.m.f., in volts, impressed on the motor brushes. © Hg = 
counter or back e.m.f., in volts, induced in the motor armature. 
Ra = armature resistance (Art. 604) of motor, in ohms. 


Exampie.—What will be the current in a motor armature that has 
resistance of 0.6 ohm, if it is inducing a back e.m.f. of 95 volts and the im 
pressed e.m.f. is 100 volts? SoLurion.—Substitute in the formula (141): _ 
Ia, = (EZ — Eg) + Ra = (100 — 95) + 0.6 = 5 + 0.6 = 8.3 amp. 

ExamMpLe.—What counter or back e.m.f. is being induced in a motor o 
erating on an impressed e.m.f. of 220 volts and having an armature resistance 
of 0.3 ohm when the armature current is 20 amp.? Soxnurron.—Substitut 
in the formula (142); Has = E — (Ia X Ra) = 220 — (20 X 0.3) = 220 
6 = 214 volts. 

637. The Relations Between the Counter E.m-f. of a Mota 
and the Power Developed by It are shown by the following 
formulas. As stated in Art. 636, equation (141), In = (E — 
Es) + Ra. Hence: 


(144) l, X~Ra= BE — 
Now if every term of the equation be multiplied by I, 


(145) I’, >< Ra (# x< I4) oe (Es x I,) 
therefore 


(146) IZXeE 


I 


I 


(72, X Ra) + (Es Xie 
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quation (146) shows that the total power input to a motor, 
4 X H, comprises two components: (a) The [42R, power loss 

the armature winding due to the current flowing through the 
inding. (b) The power, EsZ,4, due to the counter e.m.f. of the 
rmature. (The power required to excite the field windings and 
he power required for other losses are here disregarded.) The 
ower, I4’4, wasted in the armature winding is a total loss. 
fence the power available for driving the motor shaft must be 
“p14, hence it may be written that: 


147) TPep = ER x Thea : (watts) 


Vherein Py = the mechanical power, in watts, developed by the 
aotor, including that available at the motor shaft for driving 
he load and that expended in friction, windage (Art. 611), 
ddy-current and hysteresis (Art. 611) losses. 

It is obvious, then, from formula (147) that the power de- 
eloped by a direct-current motor is determined by two factors: 
l) The armature current. (2) The counter emf. If, then, 
ne counter e.m.f. of a motor is increased, the current remaining 
onstant, the power of the motor is increased. The power in- 
reases directly as the counter e.m.f. 

638. The Relation Between the Direction of Rotation of a 
fotor, the Direction of Flux and the Direction of E.m.f. is the 
me as for a generator (Art. 513) except that in the case of a 
.otor it is the impressed e.m.f. which is usually considered. 
he impressed voltage is that which causes the motor to operate. 
his impressed e.m.f. is opposite in direction to the e.m.f. induced 

the machine were operated as a generator. Hence, the left 
and, as shown in Fig. 254,// is used in determining the relations 
‘the directions for a motor. The direction of the armature cur- 
mt in a motor is always in the direction of the impressed e.m.f. 
; follows that the direction of current in a motor is opposite to 
iat of the current in the same machine if operated as a generator. 

639. The Direction of Rotation of.a Motor and the Method of 
eversing the Direction of Rotation can be ascertained by apply- 
g the left-hand rule of Fig. 254,/7. If a machine operating as 
generator is being rotated in a certain direction, clockwise for 
ample, the same identical machine will, if a current is forced 
rough it making it operate as a motor, rotate in the same clock- 
ise direction (Art. 521). That is, if a machine is to be operated 
a motor, the current must be forced through its armature in a 
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direction opposite to the direction in which the current flows in 

the armature when the machine is operating as a generator, 
Nors.—A consideration of the hand rule of Art. 513 will indicate that the 


direction of rotation is determined by the relative directions of armature 
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= A os 4 
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I - Distorted Field 


Fie. 360.—Field distortion caused by armature reaction (motor). 


current and flux. If follows that to change the direction of rotation the 
direction of either the flux or of the armature current should be reversed. 
Hence, to reverse the rotational direction of a motor reverse EITHER the field- 
coil connections or the armature connections. Do not reverse both. Obvi- 
ously, if both flux and armature current are reversed, their directions as re- 
eeiiretathia ol Nee) ene lated to one another remain the sam 
7 : | Op Rat Sas 2 and the change will have no effect o: 
i 


wee the rotational direction of the arma- 
\ , eee ture. Verify this statement by appl 
Coils ing the left-hand rule (Fig. 254,/J). 
By commutator 
, ey 640. Commutation in Motors 
\ involves the same principles as 


a Ne Mae Od does commutation in generators 
° »-—pPhowlng how e brushes s ‘ 
of a motor should ie shifted behind (Art. 580). In this TCsp: ect motore 
the neutral plane to promote sparkless commutation is similar to motor 
commutation. ‘ : Prt | 

armature reaction. But with 
motor armature reaction the field distortion is back (Fig. 360), 
instead of ahead as in generators. Hence, in a motor the 
neutral plane is back of or behind the normal neutral plane (Art. 
‘581). The brushes of a motor then are given a backward lead. 
The commutating plane of a motor is a trifle back of the neutral 
plane (Fig. 361), when the brushes are set in the plane of spark- 
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less commutation (Art. 588). The motor brushes are thus lo- 
cated so that when any armature coil rotates into he location 
where commutation occurs there will then be no current flowing 
in the coil. That is, the brush short-circuits the coil (Fig. 361) 
before it rotates into the neutral location where it will cease to 
cut flux. 

In a motor, the cutting of flux by an armature conductor in- 
duces a counter e.m.f. opposite in direction to the current which 
is flowing in the armature and which is causing the motor to 
rotate. Hence, if the brushes are shifted back of the neutral 
plane just the right distance, the counter e.mf. induced by the 
armature conductors cutting flux will be just equal to the emf 
of self-induction developed when the short-circuited coil circuit 
(a, Fig. 361) is opened by the commutator bar B rotating from 
under the brush. As noted in Art. 464, the direction of an e.m.f. 
of self-induction is always such that it opposes any change. 
Therefore, in an armature coil, the e.m.f. of self-induction at 
the instant of commutation tends to maintain the current in the 
coil in the same direction as that in which it was flowing prior to 
the instant of commutation. For sparkless commutation, the 
motor counter e.m.f. should neutralize the e.m.f. of self-induction 
in the coil at the instant of commutation. 

641. Commutating Poles Insure Sparkless Commutation in 
Motors because their effect in a motor is essentially the same 
as in a generator and as described in Art. 591. Where motors 
are subject to extreme changes in load or to sudden reversal in 
rotational direction they are, if of ordinary construction, prone 
to spark. Furthermore, with motors of ordinary construction, 
it is usually necessary to shift the brushes as the load changes to 
insure minimum sparking. With well-designed commutating- 
pole motors sparking does not occur even when the motors are 
operating under heavy overloads or when they are suddenly 
reversed under load. It is not necessary nor desirable to change 
the brush setting—the brush position—of a motor of this type 
after the best brush location has once been determined (see Art. 
591). Fig. 321 shows the appearance of a commutating-pole 
motor frame—the construction of the motors and generators of 
this type is practically identical. See ELecrrican MAcuHINERY. 

642. Armature Reaction in Motors is, as might be inferred from 
he fact that any generator will operate as a motor (Art. 628), 
similar to armature reaction in generators. However, the cur- 
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rent in a motor armature, which is rotating, say, clockwise is in 
the opposite direction from the current in the armature of the same 
machine when it is operating as a generator and rotating clock- 
wise. This renders motor armature reaction different in detail 
from generator armature reaction. However the essential prin- 
ciples involved are those outlined under GENERATOR ARMATURE 
ReactTIoN in Art. 583. 


ExpLaNAtrion.—Consider the generator armature which is shown dia- 
grammatically in Fig. 318 and which is rotating counterclockwise: The cur- 
rent direction in the inductors on the right ef the neutral plane is in, while 
that in the inductors on the left of the plane is out. Now if this same gen- 
erator be operated as a motor by forcing a current through it, obviously the 
direction of current in the motor armature will be reversed. But, the direc- 
tion of rotation of the armature will remain the same (hand rule, Fig. 254, IJ). 
Then, the current in those inductors on the motor armature on the right of 
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Fig. 362.—Showing the two fields which cause armature reaction and fiel 
distortion (motor). 


the neutral plane will be out while that in the inductors on the left of th 

neutral plane will be in, as shown in Fig. 362,J7, and in Fig. 360. 
This reversal of direction of the armature current will magnetize the 

armature core in a direction opposite to the direction of magnetization ? 


4 


the generator armature core as shown in Fig. 362,17. Since the directio 
of the field-current field remains the same (Fig. 362,7) in a motor as in a 
generator the field of the motor will be distorted as shown in Fig. 360, III. 
Note that the field distortion in a motor is in the opposite direction to that 
in a generator. Then the neutral plane will be shifted back (against the 
direction of rotation) as shown in JI. 

The reader should compare carefully the illustrations showing generator 
armature reaction with those showing motor armature reaction. Note par- 
ticularly that, in the diagrams illustrating these conditions which are given 
in this book, the direction of rotation of generator armature and of the motor 
armature is the same. With the generator the field is distorted ahead; in 
the motor the field is distorted back. Hence, the neutral plane is ahead of 


EC. 37] DIRECT-CURRENT-MOTOR PRINCIPLES 447 


he normal neutral plane in a generator and back of the normal neutral plane 
n a motor. 


643. A Speed-torque Classification of Loads That May Be 
riven by Direct-current Motors should be considered. Motors 
f the different types described herein (Art. 644) have different 
perating characteristics which determine their adaptabilities 
or different classes of work. The different kinds of loads which 
otors may be called upon to drive may be divided into three 
lassifications thus 


Characteristics (1. Constant torque at variable speed. 
of a Variable torque at constant speed. 
motor loads 3. Variable torque at variable speed. 


Loaps or Constant TorRQUE AT VARIABLE SPEED are those where the 
oad—torque—(Art. 173) is always practically constant but where the speed 
at which the load is raised or driven must be varied. Cranes, hoists and 
elevators offer loads of this character. Series motors (Art. 661) have char- 
acteristics which render them adaptable for driving such loads. 

Loaps or VARIABLE TORQUE AT CONSTANT SPEED are those imposed by 
machine tools such as lathes, planers and saws by line shafts and by all 
other machinery the speeds of which must be maintained practically con- 
stant but the loads of which may be almost zero at one instant and con- 
siderable a few instants later or may vary more or less at different times. 
Shunt (Art. 646) and compound motors (Art. 669) are adapted for such 
services. 

Loaps oF VARIABLE TORQUE AT VARIABLE SPEED are those such as im- 
posed by railway traction loads. For example, in starting a car, the torque 
required is a maximum while the speed is a minimum. After the car has 
been started the torque required decreases but the speed increases. Series 
motors (Art. 661) have characteristics which adapt them for such service. 


644. Speed Characteristics. The Three General Types of 
Motors, classified in accordance with the method whereby the 
field windings are connected, are the same as the three general 
types of generators, viz.: (1) SHunT, (2) Surtms and (3) Com- 
pounD. Each of the three types is discussed in following articles. 
Just as the generators of the different types have different char- 
acteristics, the motors of the different types also have different 
characteristics. When one speaks of the characteristic of a gener- 
ator it is ordinarily its voltage characteristic which is referred to, the 
speed of the machine remaining constant and the load varying. 
In speaking of the characteristic of a motor, it is the speed char- 
acteristic which is referred to, the impressed voltage remain- 
ing constant and the load varying. This follows because motors 
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practically always operate from constant-voltage circuits while 
generators are practically always driven by constant-speed 
prime movers. 

Norr.—As will be shown, the speed characteristics of motors of the differ- 
ent types (shunt, series or compound) are similar to the voltage character- 
istics of generators of the corresponding types. For example: A generator 
of a type which will maintain a practically constant voltage while the load 
which it is serving changes, its speed remaining constant, will, when operated 
as a motor, maintain a practically constant speed when its load varies, the 
impressed voltage remaining constant. 

644A. “Speed Regulation” and “‘Speed Control” are two terms 
that have certain specific meanings just as do the terms “ voltage 
regulation” and “voltage control”? defined in Art. 623 in connec- 
tion with generators. Speed regulation refers to changes in 
speed caused by the interactions inherent to and within the 
motor itself as the load driven by it decreases or increases. Speed 
control refers to changes in speed effected by the hand or by the 
automatic manipulation of some device, usually external to the 
motor itself, whereby the speed of the motor is changed. 

645. The Speed Regulation of a Motor may be expressed as _ 
a percentage calculated thus: 
No-load r.p.m. — Full-load rpm 


(148) Speed regulation = Full-load r.p.m. 


the full-load speed that the speed of the motor decreases from no 
load to full-load. 


Examp.e.—If the speed of a motor at no-load is 1,800 r.p.m. and its speed — 
at full-load is 1,720 r.p.m., its speed regulation is (1,800-1,720) + 1,720 = 
80 + 1,720 = 0.047 = 4.7 per cent. speed regulation. 
Examptr.—lIf a motor has a speed regulation of 5 per cent. and its noe 
load speed is 1,000 r.p.m. its full-load speed will be 1,000 + 1.05 = 952 r.p.m. 
EXampLe.—If a motor has a speed regulation of 4 per cent. and its full- 


load speed is 800 r.p.m., its no-load speed will be: 800 + (800 x 0.04) =832 4 
r.p.m, : 


In words: The speed regulation of a motor is the percentage of 


SECTION 38 


THE SHUNT MOTOR AND ITS STARTING 
AND CONTROL 


646. The Shunt Motor (Fig. 363) will be considered first be- 
cause its characteristics adapt it to so many applications that it 
is used more frequently than are direct-current motors of any of 


the other types. Its most im- 
portant characteristic is that, 
with a constant (unvarying) im- 
pressed voltage it will maintain 
practically-constant speed under 
wide variations in load. Why 
this is true will be explained. 
Commercial shunt motors are 
practically identical in construc- 
tion with shunt generators as 
described in Art. 559. Any 


Constant Impressed. 
yBelt Driving Load Voltage’. 
< Shunt Field Winding 
QQVAN 


Fic. 363.—The elements of a shunt 
motor. 


shunt motor may be operated as a generator and vice versa. The 
characteristic graphs of a shunt motor and of a series motor 
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are shown side by side in Fig. 


T-Series Motor 
Fig 364 —Characteristic graphs of shunt and series motors. 


364 for comparison. In Fig. 


365 the characteristic graphs of a direct-current compound- 


wound motor are given. 
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647. The Explanation of the Speed Regulation of the Shunt 
Motor, that is, why a shunt motor always maintains a practically 
constant speed even when its load varies widely is this: 


ExpLANATION.—Consider the diagrammatic illustration of a shunt 
motor shown in Fig. 363, which indicates only the essentials. Assume that 
the switch is closed, impressing a constant voltage across AB. This will 
excite the field winding and its excitation current and field strength will 
remain constant as long as the impressed e.m.f. remains constant. Further- 
more, current will be forced through the armature. (In practice, resistance 
is inserted in the armature circuit when a motor is started, as described in 
Art. 633 but this feature will, for the present, be disregarded.) Due to the 
interaction of the shunt-winding field and the field developed by the current 
in the armature conductors (Art. 627), the armature will start to rotate and 
it will “speed up” until it attains some certain speed such that the counter 
e.m.f. induced in it (Art. 632) plus the I X Ra drop in it just equals the 
impressed voltage. Obviously the speed thus attained will be determined 
by the design—field strength, number 
of armature conductors, etc.—of the — 
motor in question. ‘ 

Practically, it may be assumed 
that the counter e.m.f. when the 4 
motor is operating at no load is equal ) 
to the impressed e.m.f. because, at 
no-load, the IJ X Ra drop is very 
small. Hence, at no-load, he mon 


FULT LOA 0.00594 


no current is forced through the motor 
by the voltage of the line. The power 
then developed by the motor, assum- — 
ing for simplicity that it is 100 per 
cent. efficient will be, in watts (Art. 
14), equal to the product of the impressed voltage and the current. Since the 
current, at no-load, is very small, the power developed at no-load will be 
correspondingly small. All that is then produced will be lost in over- 
coming the internal friction and windage of the machine (Art. 611) and 
electrical losses. None will be available at the motor shaft for pulling 
the load. 

Now assume that the load which the motor is turning is increased con- 
siderably. The motor will “slow down”—not much, only a very little. 
The armature conductors will cut a smaller number of lines per second and 
hence will induce a smaller counter e.mf. This will permit the forcing of 
the greater current, necessary to pull the load, from the line through the 
armature. However, as will be shown (Art. 648), a very slight decrease in 
armature speed (counter e.m.f.) allows a considerably greater current to 
flow through the armature, so that the motor will maintain practically the 
same speed when pulling this considerable load as it did when it was pulling 
no load at all. Again, the power developed by the motor will be equal to 


volts X amperes, but now the current is considerable and the power developed 
will be correspondingly great. 


Load 


Fig. 365.—Characteristic graphs of a 
compound-wound motor. 
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If the load on a shunt motor decreases, the armature will “speed up” a 
trifle, thus inducing a greater counter e.m.f. and effecting a material decrease 
in the current being forced through the motor. Furthermof®, the power in 
watts developed by the motor will also equal volts x amperes, but since the 
current is now smaller than before the power developed will be proportionately 
less. 

Thus, it is apparent that a shunt motor will maintain practi- 
eally constant speed as the load it is pulling varies and that it 
automatically regulates the intensity of the current forced 
through it at any instant in proportion to the load it is pulling 
at that instant. Numerical examples further illustrating this 
condition are given under Art. 648. 

648. The Automatic Speed Regulation of the Shunt Motor 
May Be Explained Numerically thus: From Art. 629, formula 

(139), the force tending to thrust a current-carrying conductor 
from a magnetic field is: 


(149) Fy, = 0.000000088 XK In X L X B (Ib.) 


In a shunt motor operating on a constant-voltage circuit the flux 
density, B, remains practically constant because the current 
through the shunt-field winding is always about the same. Fur- 
thermore, the length, ZL, of the armature conductors in the field 
always remains constant in a given armature. Obviously, if the 
torque of the motor is to vary at different loads, the armature 
current, I,, must vary. 

It has been shown in Art. 637 that the current through an 
armature is: I, = (H — E;) + Ry. Hence, the armature cur- 
rent I, can be increased only by increasing EH, decreasing Es 
or decreasing Ry. But on a constant voltage circuit E is con- 
stant and in any given motor R, is constant. It follows that, if 
the armature current, hence torque, of any given operating motor 
is to be increased to drive a greater load, its counter e.m.f. - 
EH; must decrease. The counter e.m.f. of a motor will be de- 
creased when its armature rotates at a lower speed—this counter 
e.m.f. varies directly as the speed of rotation (Art. 634). 

When then, the load on a motor is increased, its speed and 
hence counter e.m.f. decrease somewhat and a greater current is 
forced through the armature from the line. Thereby the torque 
of the motor is materially increased and it pulls its load at a very 
slightly decreased speed. Consider the following example: 


ExampiLe.—A shunt motor is connected across a constant-voltage, 220- 
volt main. Its armature resistance is 0.5 ohm. It is operating at such a 
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speed that its counter e.m.f. is 215 volts. Then the armature current will 
be: l =(2 — Eg) + Ra = (220 — 215) +0.5=5 +05 =10amp. Now 
assume that an additional load is thrown on the motor which decreases its 
speed 1 per cent., then the counter e.m.f. will be decreased 1 per cent. and will 
be: 0.99 X 215 = 213volts. Under these conditions the armature current will 
be: (220 — 213) + 0.5 = 7 + 0.5 = 14 amp. Thus, with a decrease of 
only 1 per cent. in speed the armature current has been increased by: 
(14 — 10) +10 = 4 + 10 = 0.4 or 40 per cent. 

The power being developed by the armature when the armature current 
was 10 amp. was: 10 amp. X 215 volts = 2,150 watts or 2.88 h.p. (Art. 164). 
But with the 14-amp. armature current the power is: 14 amp. X 213 volts 
= 2,982 watts or 3.99 h.p. Obviously in this case the power has been in- 
creased by (3.99 — 2.88) + 2.88 = 1.11 + 2.88 = 0.38 or 38 per cent. 
(The increase in power is not quite proportional to the increase in current 
shown in the above article because the J°R. watts power loss in the armature 
increases as the square of the armature current). Thus, with a decrease in| 
speed of only 1 per cent. the power out-— 
put of the armature has been increased 
38 per cent. 


> a eo -—-> 


+ 
jArmature 
= 649. Speed Control of Shunt 
Motors may be treated under two 
headings: field control, and arma-_ 
ture. control. Field control is the 
most efficient and effective for rea- 
[Shunt Field Rheostat sons which will be given, hence 


<= = S e y 


‘Fia. 366.—Showing a shunt-field will be considered first. , 


4 


rheostat for speed control of a shunt 650. Field Control of Shunt- 
motor. motor Speed is usually effected 


= 


with a rheostat as shown diagrammatically in Fig. 366. _ 


varying the resistance of this shunt-field rheostat, which is con- 
nected in series with the shunt-field winding across the constant- 
voltage main, the current through the shunt-field winding may 
be varied accordingly. The field of the motor may thereby be 
strengthened or weakened. WEAKENING the field of a shunt 
motor or of any other kind of a motor causes its speed to IN- 
CREASE. STRENGTHENING the field of a motor causes the speed to 
DECREASE. ‘This state of affairs is precisely the opposite to that 


which the student usually anticipates. Note the following 
explanations: 


ExpLanation.—The simplest explanation is, probably, this: Consider the 
case of a motor armature, which is developing a constant power watts output 
at different speeds and which is fed from a constant voltage source. The cur- 
rent input to the motor armature must then be the same at all speeds. 

Likewise the counter e.m.f. must remain constant (Art. 634) if the current 


if 
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remains constant. Now if the field strength or flux is weakened, the arma- 
jture must rotate more rapidly—must “speed up’’—in order to cut the same 
number of lines per second, that is, to induce the same counter e.m.f., as 
before. (Norr.—With conditions as just described that i with constant 
power output and varying speed, the torque of the armature must vary 
jinversely as the speed. Such a condition is seldom encountered in practice. 
|The explanation of the condition which is usually encountered, that is, one 
where the driven torque remains practically constant and the horse power 
output of the motor therefore varies with the speed, follows.) 

ExpLANaTIon.—Where a shunt motor is driving a load of practically 
constant torque, a decrease in field current, and hence flux, will cause the 
counter e.m.f. to decrease just as above described. Thereby, a greater 
urrent will be forced from the line through the armature. Now the instan- 
aneous increase in armature current is much greater proportionately than 
he decrease in flux. Hence, the motor’s torque (Art. 174) will for an in- 
tant before the armature has time to speed up be greatly increased and the 
rmature speed will tend to increase proportionately. The following specific 
xample illustrates numerically how the thing works out. 
Exampie.—First.—Consider the case of a 15-h.p., 220-volt shunt-wound 
.otor, having an armature resistance of 0.2 ohm, which is pulling its full 
ated load at a speed of 1,000 r.p.m. and taking at this load and speed an 
Tmature current of 55 amp. 
_ Second.—Then note what happens when the field flux is decreased by 10 
per cent. 

Wirn rae Motor Oprratine av Ratep Loap AND SPEED AS ABOVE: 
The torque developed. by the motor (Art. 174) will be: 

( T = h.p X 33,000. 15 X 33,000 

) 2XaXrpm. 2X 3.14 x 1000 
The counter e.m.f. (Art. 636) is: 

Ep = E — (Is X Ra) = 220 — (55 X 0.2) = 220 — 11.0 = 209 volts. 

With THE FLux Decreasep By 10 PER CENT: At this instant the counter 
».m.f. will then (Art. 636) obviously be 0.9 of what it was formerly, or it 
vill be: 0.9209 = 188 volts. Then the armature current at this instant 
vill be (Art. 636): : 


E-Ep 220-188 32 
a ea is Go 0 09 2 eee: 


= 78.6 lb. at 1 ft. radius. 


Phat is, the instantaneous armature current is: 160 + 55 = 2.9 times or 290 
yer cent. as great as was the former current. Now since the torque is pro- 
portional to the product of the flux and the armature current (Art. 630) the 
nstantaneous torque has now been increased to: 

d) 78.6 X (0.9 X 2.9) = 205 lb. at 1 ft. radius. 

Thus, the torque developed by the motor at this instant has been increased 
05 + 78.6 = 2.6 times. It follows that the motor will speed up accord- 
ngly. But as it speeds up its counter e.m.f. will increase, so that the ulti- 
aate current is limited in value. Finally, its speed (with the constant tor- 
ue of 78.6 lb. ft. and a 10% decrease in flux) will be increased 1044 % or 
ill be 1105 r.p.m. This can be verified by using forumlas 119, 140, and 
43. Most of the quantities in these formulas are constants for this ex- 
mple and hence cancel out. 
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651. Speed Variation by Field Control Is, in Practice, Limited. 
Non-commutating-pole motors are designed to operate at some 
certain speed and with the iron of their magnetic circuits then 
practically saturated (Art. 248). Hence it is not feasible to 
materially strengthen their fields and thus decrease the speed 
much below normal. Conversely, if the field flux of such a motor 
is decreased too greatly, excessive sparking at the commutator 
results because the field is then too weak to induce a counter 
e.m.f. that will neutralize the e.m.f. of self-induction of the arm- 
ature coils (Art. 588) which produces sparking. The self-induc- 
tive action of the armature coils is obviously increased as the 
armature speed is increased. Non-commutating-pole motors 
can not, ordinarily, be operated at speeds greater than 65 to 70 
per cent. above normal. Commutating pole motors (Art. 641) 
may be obtained whereby a speed variation as great as 6 to 1 

can be readily secured. 
652. “Armature Control’? of 
Wetgeueeae| - Shunt-motor Speed is effected by 
inserting a rheostat in series be- 
tween the source of e.m.f. and the — 
armature, as shown in Fig. 367 and 
then by varying the effective re- 
sistance of this rheostat. Thus 
the voltage impressed on the arma- 
seo: ture may be varied (decreased) — 

Fic. 367—Showing armature. Dut the flux due to the shunt-field 
circuit rheostat for speed control of winding is not affected. Obvi- — 
a shunt motor. : 

ously, a decrease in the pressure 
across the armature decreases the armature current. Now © 
(Art. 630) the torque of a motor varies as the product of arma 
ture current J, and the flux ¢p. Hence, since ¢p remains 
practically constant, a variation in the armature current will pro- 
duce a corresponding variation in torque developed and speed. 
Therefore, the speed of a shunt motor can be decreased by 
inserting resistance in its armature circuit. ‘ 

653. There Are Two Objections to Armature Control and be- 
cause of these it is seldom used except for the starting of shunt 
motors (Art. 655) and for certain special applications. 

First—Armature control is wasteful as with it there is a con- 
siderable J? X R power loss (Art. 167) in the control rheostat. 
This loss varies as the square of the armature current. 


ek rmature Circuit Rheosiat 
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Second.—The speed regulation of an armature-controlled shunt 
motor operating at any speed less than maximum is poor. The 
peed regulation of a field-controlled shunt motor is@good because 

ith such a motor the armature is connected directly across a 
source of a constant e.m.f. The e.m-f. across an armature-con- 
trolled armature varies as the current through the armature and 
he voltage drop in the control resistance varies. 

654. Resistance Is Required in Series with the Armature in 
tarting a Shunt Motor, to prevent an excessive current from 
owing through the armature before the armature has had time 
© commence rotation and thereby induce a counter e.m.f. This 
evice and its function were described briefly in Art. 633. Re- 
istors of practically the same construction and connected in 
ractically the same manner are used with series and compound 
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$ with shunt motors. With a resistance in circuit the following 


ormula will be true: 
ay “Ra + Rp os 


Vherein J, = current, in amperes, through the armature. EH = 
m.f. impressed on motor and rheostat, in volts, Fig. 368. HE, = 
punter e.m.f., in volts, induced in the motor armature, R, = 
sistance of armature circuit, in ohms. Rp = resistance of 
arting rheostat, in ohms. 

Nore.—At the instant when the motor is started, there is no counter 


m.f., that is, Hgisthen zero. Therefore, the current through the armature 
this instant is: [4 = HE + (Ra + Rr). Hence, at the instant of starting, 
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enough starting resistance, Re, must be cut in series with the armature to 
limit the starting current to a reasonable value, one which will not dangerously 
heat the machine and cause excessive sparking at the commutator. The 
maximum (Fig. 369) starting current permissible is usually assumed as 
that intensity which if exceeded would injure the motor windings, cause 
excessive sparking and pronounced line voltage drop. In practice the 
maximum starting current is limited to about 1.5 times normal full-load 
current. The minimum starting current permissible is that necessary to 
develop the required starting torque. 

Frequently the total resistance of the rheostat is made such that with all 
this resistance (Rs, Figs. 368 and 369) in circuit with the armature, 50 per 
cent. of the normal starting current will flow through the armature. That 
is, when the contact arm of Fig. 368 is on contact button “1,” one-half 
the normal starting current will flow as shown in Fig. 369. This current is, 
since it is only one-half normal, insufficient to start the motor, assuming 
that is must develop full-load torque to start. 4 

When the arm is moved to button “2,” the rheostat resistance then in 
series is such that the normal starting current flows through the armat 
as shown in Fig. 369. This may not be a great enough current to start the 
load. But when the arm is moved to button “3” the maximum permissible 
current will be forced through the armature from the line and the load should 
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Fia. 370.—Showing the connections between a starting rheostat and the shu 
motor which it serves. 


start. As the motor increases its speed its counter e.m.f. increases and th 
current decreases, as shown in the diagram of Fig. 369. 

The contact arm is then shifted successively over the other contact 
buttons until it rests on button ‘“5.’’ Now all of the rheostat resistance 
is cut out, the only resistance in the armature circuit being that (R1) of the 
armature itself, because the motor armature is now inducing a sufficiently 
high counter e.m.f. to itself limit the current through the armature. 


655. A Starting Rheostat for a Shunt Motor or Compound 
Motor or as it is sometimes called “‘a starting box” is a device 
wherein are assembled the devices essential for the starting of 
the motor and frequently those for the protection, of the motor 
after it is in operation, and of the circuits which feed it. (The 
term “starting rheostat”’ as it is commonly used implies more 


Sxc. 38] THE SHUNT MOTOR 457 


than merely a starting adjustable rheostat.) Fig. 370 shows 
diagrammatically a “starting rheostat”’ of the simplest type. 
The variations in practice to satisfy the many pessible condi- 
tions are almost endless. See the author’s AMERICAN ELEcrri- 
C1AN’S Hanpsookx for detailed descriptions. A commercial shunt 
or compound motor starting rheostat usually comprises: 


Frrst.—An adjustable resistor or starting rheostat pure and simple, the 
function of which is to limit the armature current at starting as described 
in Arts. 652 and 654. 

Srconp.—A no-voltage release, described below. 

Turrp.—A no-field release, described below. 

Fourtu.—An overload release, described below; this device is frequently 
omitted. 


656. The Operation in Starting a Shunt Motor is as follows: 
The line switch is closed, impressing the line voltage across 
brush B and metallic swinging arm C (Fig. 370). Then the arm 
is moved up to contact with button 1. This connects both the 
armature and the field circuits to the line and current is forced 
therefrom through each. The current through the armature, 
which is small, being limited by the starting resistance as de- 
seribed in preceding Art. 655, flows via the route: rt EC Gee 
A, Bz, By, D, Ly. The path of the field current 1g; Dal, Cale. 
f, W, D, Le. 


Nore then, that when the arm is on the first button, a small current 
flows through the armature and that the field winding is connected directly 
across the line. (Magnet winding M is in practice of very low resistance 
as compared with the resistance of the shunt-field winding.) So the field 
is strong—a maximum—and the armature current weak. Now the arm is 
moved successively over buttons 2, 3, 4, etc., with a pause at each button. 
he current through, and the torque of, the armature will be thereby grad- 
1ally increased as described in preceding Art. 633. The field is weakened 
lightly as the arm advances because of the insertion thereby of the armature 
esistance in the field circuit. This weakening of the field tends to assist 
n “speeding up” the armature (Art. 650). From 15 to 30 sec, should 
rdinarily be consumed in starting a motor. 

Finally, the arm is moved to contact with button 8. It is held there by 
he attraction of magnet M on iron keeper K, which is attached to the arm. 
‘he field current actuates M, the functions of which are treated in detail 
elow. With the arm on 8, the armature is connected directly acrossthe 
ne and the field winding is across the line in series with M and the starting 
sistance, The combined resistance of the starting resistance and M in 
ries is small as compared with the resistance of the motor-field winding. 
ence the shunt-field strength is little affected thereby. 
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657. To Stop the Motor, pull the line switch. Magnet M 
will then be demagnetized and spring S will force the arm back 
to its original position shown in the illustration. 

658. A No-voltage Release Device is provided on motor- 
starting rheostats to protect the motor and the circuits feeding 
it against an excessive rush of current in case the line e.m.f. is 
discontinued and is then again impressed on the motor without 
the starting-rheostat handle having first been returned to the 


starting position. 


ExpLanation.—Assume that the starting rheostat of- Fig. 370 is not 
equipped with the no-voltage release magnet M or the spring s. Then, if 
lever arm c were moved into contact with button 8, the arm would remain 
in that position, even if the line e.m.f. were discontinued because of an — 
accident or otherwise. Assume that the arm is in contact with 8, that — 
the line e.m.f. is discontinued and the motor armature slows down or ceases — 
to rotate in consequence. Now if the e.m-f. is again impressed on the line, 
c still on 8, there would be a very large current forced through the armature — 
because it would be turning slowly or be at rest and therefore inducing a 
small or no counter e.m.f. This excessive current would cause sparking at 
the commutator and might damage it or “burn out”’ the motor windings o 
the wiring. ‘ 

But with the no-voltage release magnet M, arranged as in Fig. 370, when 
the line e.m.f. is discontinued and the armature ceases rotating, M is demag- 
netized and c is forced back into the “off” position by spring s. Then the 
circuit through the motor is open and the resumption of line e.m.f. can do 
no harm. 


659. A No-field Release Device is provided on motor-starting 
rheostats to prevent the armature remaining connected to the 
line in case the motor field becomes weak or ceases to exist 
Frequently, as in the diagram of Fig. 370, the same magnet, M 
answers for a no-voltage and a no-field release. 


EXPLANATION.—With a weak field the armature speed and sparking will 
become excessive as suggested in Art. 651. An armature rotating at a spe ed 
much in excess of that at which it was designed to operate may have its 
windings torn off by centrifugal stresses. With no field at all, the armature 
will cease rotating and then, there being no counter e.m.f., a dangerou 
current will be forced through it. However, with the holding magnet M 
(Fig. 370) connected in the shunt-field circuit, if this circuit opens or the 
current through it becomes too weak, iron keeper K will be released and 
arm. c will be forced back to the “off” position, thus opening the circuit. ; 


660. An Overload Release on a Starting Rheostat is provided 
to prevent excessive current flowing through the motor or 


through the motor-circuit wiring, if the motor is overloaded or if 
a short-circuit or similar trouble occurs on the motor circuit. 


Suc. 38] THE SHUNT MOTOR 459 


Circuit breakers and fuses perform functions similar to that. of 
the overload device and are frequently substituted for it, because 
they may protect both sides of the circuit (F'; antl F's, Fig. 370). 
Usually an overload device like that to be described protects 
only one side of the circuit. 

ExpLaNnation.—Fig. 371 illustrates the principle of an overload release 
device of one type. The holding magnet, M ,is the same one as the magnet 
M in Fig. 370. The overload release magnet is shown at JS. The low- 


resistance winding of this magnet is in series in one of the line wires of the 
rheostat so that the motor current actuates it. This magnet S is so pro- 


,“Holding Magnet To Motor. 


IM Overload Release 


om 


From Line’ 
Fig. 371.—Diagram of overload release device. 


portioned that if a current greater than that which the motor and circuits 
can safely carry flows through it, it will attract the iron keeper I which ig 
attached to the metal arm Q. This will raise Q into connection with contact 
points P2 and P;. Thus a shunt or short-circuit is established around the 
winding of M which is thereby demagnetized. Then the keeper K (Fig. 
370) which M was holding will be released and arm K will be forced, by the 
spring S, back to its “off” position opening the motor circuit. 


SECTION 39 


SERIES AND COMPOUND-WOUND MOTORS 


661. The Series Motor is shown diagrammatically in Fig- 
372. It consists merely of an armature and series-field winding, ~ 
connected in series, and almost invariably operated from a con- 
stant e.m.f. source. A constant impressed e.m.f. is assumed in 
the following discussion. Obviously the current in the armature 
and in the field winding must, at any given instant, be the same. 

662. The Characteristics of the Series Motor are shown 
graphically in Fig. 364,/ I where they may be conveniently 
compared with those of the shunt motor of I. 


Tue Torque or A Serres Moror, when the magnetic-circuit iron is 
being worked well below the saturation point (Art. 248) varies nearly as the 
square of the current. Thus, motors of this type have splendid starting 
torque. Torque (Art. 173) varies as the product of flux, ¢e and armature 

current J4. Now in a series motor, 
Series Field Winding if the current is doubled, the flux is 
also doubled (approximately) since 
the armature current traverses the 
field coils. Hence the torque (pro- 
portional to: current X flux) is in- 
creased four times. When the load 
being driven by a series motor in- 
creases, the motor slows down, hence 
its counter e.m.f. decreases. Then 
its current increases and its torque 
increases as the square of the current tending to assist the motor in pulling 
the load. 

Tum Sppep or A Serres Motor varies (Fig. 364,]7) with the load. For 
any given horse-power load which a certain series motor is driving, there will 
be a certain definite speed. With a heavy load, a series motor will operat 
at relatively-slow speed. With a light load it will operate at a hig 
speed. With no-load it will, theoretically, operate at an infinite speed, tha 
is, it will “run away.” The explanation is this: 

Expnanation.—Any armature always tends to operate at such a spee 
that the sum of the volts lost in its armature, in JR4 drop, and the volt 
counter e.m.f, induced will equal the impressed voltage. At heavy load 
the current, and consequently the JR drop in a series motor armature, to 


Fia. 372.—Series motor diagram. 


be large and it is not necessary for the armature to rotate very rapidly to 
induce the required counter e.m.f. But suppose the load is thrown off of 
460 
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the motor. There now being no resisting torque, the motor speeds up, 
inducing a higher counter e.m.f, and decreasing the current through the 
field coil and armature. This weakens the field causing @ further increase 
in armature speed (Art. 650) which again decreases the counter e.m.f. With 
a series motor overating without load, this process continues until the arma- 
| ture “bursts” due to great centrifugal stresses. 


663. A Comparison of the Characteristics of Series and Shunt 
Motors is given graphically in Fig. 364. Since in the shunt 
motor the field is practically constant, its torque varies directly 
with the current (approximately). As shown in Art. 662 the 
torque of a series motor varies almost as the square of the current. 
The series motor has, then, a much greater starting torque 
(ability to rotate something) than has the shunt motor. Hence 
a series motor of a given size (that is, weight) will start a much 
greater load than will a shunt motor of the same weight. The 
shunt motor has a practically constant speed for all loads within 
its capacity (Art. 646) while the series motor has a certain speed 
for each load—its speed varies with the load. 

664. The Applications for Which the Series Motor Is Adapted 
are limited because of its speed and torque characteristics which 

are described above. The motor is not adapted to drive loads 
the power required by which varies, and which should be driven 
at a constant speed. The reason is that the speed of a series 
motor varies with the load. 


Norr.—Hence, a series motor is not, in general, adapted for machine- 
tool or line-shaft drives. If it is used for such, the speed will be low when 
the load driven igs great and high when the driven load is light. Further- 
more, since a series motor will “run away” at no-load, it should be applied 
only where it can be geared or otherwise permanently connected to its 
load. Crane, hoist and railway traction applications are good examples 
of services for which the series motor is well adapted. In other words, the 
series motor is fitted for conditions where constant speed is not necessary 
out where great torque at low speeds is desirable. 


665. In Starting Series Motors, an adjustable resistance is 
sonnected, in series with the motor across the source of impressed 
m.f. (Fig. 373), to prevent an excessive rush of current at the 
nstant of starting, while the armature is stationary and inducing 
10 counter e.m.f. As the armature attains speed, the effective 
esistance of the rheostat may be decreased by turning the handle. 
“he function of this starting resistance is the same as that of the 
rmature resistance used in starting a shunt motor and which is 
escribed in Art. 654. 
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666. The Speed Control of Series Motors is effected by chang- 
ing the resistance in circuit between the motor and the source of 
constant e.m.f. The same rheostat Fig. 373 may be used for 
this as is used for starting the motor, providing its resistors have 
sufficient current-carrying capacity to prevent their overheating 
in speed-control service. The method is somewhat similar to_ 
-armature-speed control (Art. 652) for shunt motors. It is sub-— 
ject to the same disadvantages. When the effective resistance — 
of the rheostat is varied, the voltage across the armature, 4, 
Fig. 373, is varied accordingly and the armature then ‘speeds 
up” or “slows down”’ correspondingly until its counter e.m.f. 
equals (approximately) the e.m.f., E4, impressed across the arma- 
ture. Thus while it is true that a series motor has a definite 
speed when driving any given 
load with a given e.m.f. impressed 
across its armature (Art. 662) its 
speed when it is pulling a given 
load may be altered by changing 
the e.m.f. across the armature. 

667. Series Motors Are Exten- 
sively Used for Driving Electric 
Cars because their torque and 
speed characteristics (Art. 662) 
render them especially fitted for 
Fic. 373.—Resistance in series with this service. Shunt movers would 

PSG SES, ” not be well adapted for propelling 

. a car as they would tend always 
to drive the car at about the same speed and on grades and in 
starting the motors would be greatly overloaded. Practically 
all of the cars in city service are driven by, series direct-current 
motors. Many of the cars and locomotives in suburban and 
trunk line service are also driven by direct-current series motors 
although alternating-current motors have, recently, been applied, 
to some extent, for this work. Cars are equipped with two or 
four motors so that the torque may be applied at both trucks 
and so that series-parallel control (Fig. 374) may be used. 

668. Series-parallel Car Control is used principally because i 
is econemical. The controller located on the car platform and 
operated by the motorman is merely a rotary switch whereby 
the different series and parallel connections of the motors may 
be effected. Briefly, the operation is this: 


Constant 
ae 2 eee 
+7 
> 


‘Rheostat (Adjustable, Resistance) 
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EXPLANATION.—Refer to Fig. 374. Advancing the controller handle to 
the first “notch” connects both motors, 1 and 2, in series with all the start- 
ing resistance AC in series also. As the controller handle is swung around 
the starting resistance is gradually cut out, the car accelerating meanwhile, , 
until both of the motors are connected directly across the line without any 
intervening starting resistance. Throwing the controller around another 
notch connects the motors in parallel between trolley and rail but again in 
series with all of the starting resistance A’C’. As the car accelerates the 
controller handle is swung on around until the motors are connected directly 
im parallel between trolley and rail. 

The notches whereat the motors are connected without resistance: (1) in 
series between trolley and rail, and (2) in parallel between trolley and rail are 

~ termed running notches and are shown by longer raised marks on the con- 
troller top casting than are the others. When the controller handle pointer 
is over either of these marks no power is being wasted in starting resistance 
—all power taken from the line (except motor losses) is being expended by 
the motors in propelling the car. 
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Pie. 374.—Showing how the two series motors driving a street car are first con- 
nected in series and then in parallel. 


Where the two motors are connected in series, only half the line current 
is required to start the car that would be necessary for starting with the 
motors in parallel. Assume that it takes 50 amp. through each motor to 
start the car. With the motors in parallel’ 100 amp. would flow from the 
line but with the motors in series only 50 amp. flows from the line. With 
the motors in parallel, resistance in series with them would be necessary to 
limit the current through each to 50 amp. But with the motors in series 
each motor takes the place of a starting resistance for the other. Thus the 
economy of series-parallel control is obvious. 


669. Compound-wound Direct-current Motors partake of the 
characteristics of both shunt and series motors just as compound- 
wound generators (Art. 560) partake of the characteristics of 
both series and shunt generators. Fig. 365 shows typical char- 
acteristic graphs for a compound-wound motor. A compound- 
wound motor may be made to approximate more or less the char- 
acteristics of a shunt or a series motor respectively by making 
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the ampere-turns of its shunt or series windings more or less — 
powerful proportionately. The elementary connections of a 
compound-wound motor are the same as those of Fig. 296 for a 
compound-wound generator. pei 

670. A Differential-compound Motor has its windings con- 
nected as shown in Fig. 375,J. Its series-field winding “bucks "ae 
or opposes its shunt-field winding. A motor of this type can be 
arranged to operate at an almost exactly constant speed under 
varying load. As the load increases and the motor tends to 
“slow down” the series-field magnetization increases and since 
it opposes the shunt-field magnetization (which is normally ” 
greater than the series magnetization) the resultant field is weak- 
ened. This would normally tend to cause the motor to speed up. 


* 


See ees see 
mulative Compound 


Ye o> oS Oe Oe Pare ae 
I-Differential Compound =Co 


Fic. 375.—Diagrams of differential and cumulative compound-wound motors. 


But if the number of turns on the series field be properly chosen, 
the combined effects of increased load and weakened field will 
neutralize each other and the speed will remain unchanged. By 
using more series-field turns it is possible to cause the motor ta 
speed up with increased load. The speed regulation of a differen- 
tial-compound motor may be closer than that of a shunt motor 
but its starting torque is not as great. 

670A. One of the Chief Disadvantages of the Differential- 
compound Motors is that they tend to “‘race’’ under very heavy 
overload. They are also liable to start up in the wrong direc- 
tion when the handle of the starting box is thrown to the first 
contact. The high inductance of the shunt field winding, due 
to its large number of turns, may so impede the rise of the shunt- 
field current that the current in the series field, which builds up 
much faster because of its smaller inductance may overpower the 
magnetizing effect of the shunt field. Thereby the flux and the 
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irection of rotation may be reversed. The series winding of a 
ifferential-compound motor should, preferably, be short-cir- 
uited when starting the machine. 

671. A Cumulative Compound Motor is so contitected that its 
eries turns augment the shunt-turns magnetization as shown in 
ig. 375,17. A motor thus connected will have strong starting 
orque—stronger than that of a shunt motor but its speed regu- 
ation will not be as good. Motors of this type are used for shears, 
olls and similar applications where close speed regulation is not 
ecessary but where great torque may be desirable at starting 
nd while running. Frequently motors of this type are merely 
eries machines provided with sufficient shunt turns to prevent 
he motor from “running away” when operating at no load. 

672. The Starting and Control of Compound Motors is aih: 
eneral, similar to that for shunt motors as hereinbefore described. 
he same starting rheostats can be used for ordinary compound 
s forshunt motors. Ordinarily the series winding has no special 
onnection to the starting rheostat. Sometimes provision is 
ade whereby the series winding may be shunted out of circuit 
fter the motor has been started. The possible special control 
urangements are too numerous to describe. 


SECTION 40 


DIRECT-CURRENT MOTOR POWER, CURRENT 
AND VOLTAGE RELATIONS 


673. The Commercial Voltages Used for Direct-current 
Motors are in North America 110, 220, 500 and 600, these being 
the nominal constant-potential-circuit voltages (see the author’s 
AMERICAN ELECTRICIAN’S HaNpBOooK). A voltage of 110 is 
ordinarily used only for the smaller motors fed from incandescent 
lighting circuits. A voltage of 220 is common for motors used 
in factories. Street railway circuits operate at a pressure of 600 
volts. : 

674. The Rating of a Motor is determined by the same factors 
which determine the rating of a generator as outlined in Art. 610. 
For example, a 10-h.p. motor is one which will, when the voltage 
for which it was designed is impressed across its terminals, pull 
a 10-h.p. load continuously without injury to itself. That is, 
the motor will carry continuously the current [which may be 
determined from the formula (158) of Art. 676] necessary to 
develop 10 h.p. at the motor shaft without excessive heating, 
armature reaction or sparking at the brushes. Motors, like 
generators, are usually so designed that they can carry overloads” 

for considerable periods. Most motors can carry a 25 per cent 
overload for 2hr. On this basis, a 10-h.p. motor can carry 12.5 
h.p. for 2 hr. without injury. Obviously a motor can pull any 
load smaller than that for which it is rated. 

675. To Find the Power Input, Current or Impressed Voltage 
of a Motor any two of these factors being known, the following 
formulas may be used. The power input to a motor, 77 watts, 
is equal to the current, in amperes taken by the motor, multiplied 
by the e.m.f., in volts, impressed across the motor terminals. This 
follows from the statements of Art. 164. Expressed as a formula: 


(151) Piy = E X I, or, Watts input = Impressed volts X amp. 
hence 


(152) H = Pry + I, or, Impressed volts = Watts input + amp. 
and 


(153) I = Pry + E, or, amp. = Watts input + Impressed volts. 
466 
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erein P;y = the power input to the motor in watts. E = 
phe e.m.f. or voltage impressed across the motor terminals in 
olts. J = the current flowing in the motor terminals, in am- 
peres. ‘The power in watts thus obtained maybe reduced to 
rulowatts or horse power as directed in Art. 166. 


Examp.e.—lIf an e.m.f. of 110 volts, Fig. 376 is impressed across the ter- 
inals of a direct-current motor and the current through the motor is 10 
mp., how many watts is the motor consuming? How many kilowatts? 
ow many horse power? Sonurion.—Substitute in the formula (1): 
mw = EH XI =110 X10 = 1,100 watts. Then 1,100 watts is: 1,100 + 
000 = 1.1 kw. Also, 1,100 watts is: 1,100 + 746 = 1.48 h.p. 


676. The Relations Between the Kilowatt Input, Horse-power 
utput, Efficiency, Impressed Voltage and Current of a Motor 


re indicated in the following formulas, all of which follow from 
rts. 675, 166 and 176: 


sAmmeter Reads 10Amp. \,Direct Current Motor 


Motor -Driven 
Machine’. 


Voltmeter, 7 
Reads /10 Vo/ts 


Fic. 376.—Illustrating power input to a motor. 


Pree Ee Ob x Tis E 


Bo alo 74.6 = 74,600 fee 
a = ere kts = Be (efficiency, per cent.) 
ib) Pix = eae: (kw.) 
157) EH = Ex oN (volts) 
mm 1- es ae fone. 


Wherein HP, = horse-power output of the motor. x = kilo- 
att input tothe motor. E = efficiency of the motor in per cent. 
t the output HP o. H = the e.m.f. impressed on the motor 
1 volts. J = current, in amperes taken by the motor for the 
utput HPo. 
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Exampie.—Thus the output of a motor having an input of 2 kw. and an 
efficiency of 90 per cent. would be: (Prx X E) + 74.6 = (2 X 90) + 74.6= 
180 + 74.6 = 2.4 hp. 

Exampie.—lIf a motor at full load requires 12.2 kw. input and its efficiency 
at this load is 80 per cent., what is its output in horse power at this load? 
SoLuTION.—Substitute in the formula (154): HPo = (Pree E) + 74.6 =~ 
(12.2 X 80) + 74.6 = 976 + 74.6 = 13.1 h.p. 4 

Exampiy.—lIf the e.m-f. impressed on a motor is 220 volts and the current 
taken by it is 55.5 amp. what horse power is it delivering assuming that its 
efficiency at this load is 80 per cent.? SoLuTion.—Substitute: HPo = 
(E XI XE) + 74,600 = (220 X 55.5 X 80) + 74,600 = 13.1 hp. 

Exampie.—A 13-h.p. motor has an efficiency of 80 per cent. and is to 
operate on an impressed voltage of 220; what current will it take? Sonu- 
TION.—Substitute in the formula (158): I = (HPo X 74,600) + (E x E)= 
(13 X 74,600) + (220 X 80) = 969,800 + 17,600 = 55 amp. 


677. The Horse Power Devel 

Spring Balance (4 oped by Any Motor on the Basi 
Aegisfere ne of Its Torque and Speed can 
readily computed. In Art. 676 
the method of determining th 
power output of a motor, wher 
its electrical input and efficiency 
are known, is outlined. In thi 
article the method of directly de 
J uy! termining mechanical power out 
put is described. If the torqu 

one, Se aerany, ake emansed (Art, 173) being developed by th 


Electric Motor 
1600 RPM. 


power test. motor is known, this formula ma: 
be used: 
2Xa X r.p.m. 
159 2D. = . 
(159) h.p 33.000 au (h.p. 


Wherein h.p. = horse power being developed by the motor. 
r = 3.,1416. r.p.m. = revolutions per minute of motor. JT = 
torque being developed by the motor, in pound-feet. Now T or 
torque equals (Art. 173) the product of force times lever arm 
With a Prony Braxs, Fig. 377, the torque being developed by 
motor can be determined by measuring (1) the force exerted and 
(2) the lever arm length. Then these factors being known th 
horse power developed may be computed with this formula: 


(160) hp. = AOI TP 


Wherein all of the symbols have the same meaning as above 


See eg (h.p.) 
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xcept, r = distance, in feet, from center of motor shaft to 
oint of application of the resisting force on a prony brake lever 
tm. F = force or pull, in pounds, exerted on the prony brake 
ver arm at the distance r from the shaft centgg. A study of 
she following example will assist the. reader in obtaining an 
nderstanding of this situation. 


Exampite.—The prony brake arrangement of Fig. 377 is a common form. 
he brake shown comprises a lever arm L at one end of which are arranged 
© wooden shoes, S, to clamp the motor pulley. At the other end ig pro- 
ided an iron eye EF whereby a spring balance or scale may be attached to 
easure the force with which the motor pulley tends to turn the lever arm. 
lts through the shoes provide-means for tightening them on the pulley, 
us making the motor do more work and increasing the foree—measured 
y the spring balance—tending to rotate the lever arm. 

Assume that the motor is started and that the brake shoes are tightened 
ficiently that when the motor is running at 1,000 r.p.m. the lever arm 
ulls down on the scale with a force of 10 lb. asshown. The length of lever 
rm, 7, is 3 ft. Then the torque (Art. 173) is 10 lb. at 3 ft. radius or is: 
ft. X 10 lb. = 30 lb.-ft. torque. Or the torque is 30 lb. at 1 ft. radius or 
0 1b. at 0.5 ft. radius. Since the motor is rotating at a speed of 1,000 r.p.m., 
point on the circumference of the pulley travels, in feet per min.: 2 X a X 
Xr.p.m. = 2 X 3.14 X 0.5 X 1,000 = 3,140 ft. per min. At its cireum- 
rence the pulley is overcoming a resistance 60 lb. Hence, the motor is 
loing work at the rate of: 60 Jb. X 3,140 ft. per min. = 188,400 ft.-lb. per 
nin. Since 1 h.p. is developed when work is done at the rate of 33,000 ft-lb. 
er min., the horse power that this motor is developing is: 188,400 ft.-lb. 
er min. + 33,000 = 5.7 h.p. 

Note that although the torque at the circumference of the pulley was 
aken in the example just recited, it is not at all necessary to take the cir- 
umference at this location. The torque exerted by the motor at any loca- 
ion may be taken provided the radius to that point is used instead of the 
adius of the pulley. From explanation just preceding it follows that the 
ormulas given in the article above can be applied for computing horse- 
ower output. Thus for the example of Fig. 377, equation (160): 


2XaXrpm.xXrXF _ 2X 3.14 X 1,000 X 3 x 10 
_ 33,000 tae 33,000 


= 5.7 hp. 
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CHARACTERISTICS OF ALTERNATING CURRENTS 


678. Alternating Currents have been referred to briefly i 
preceding articles. These articles, an enumeration of which 
follows, should be reviewed before the reader proceeds. In 
Arts. 113 to 116 the difference between an alternating and a direct 
current was explained. It was shown, using Fig. 71 for an illus 
tration, that a direct current always flows in the same direction 
(Art. 112) while an alternating current alternates in direction. 
For example, a 60-cycle current (Art. 113) alternates (Fig. 70 
120 times a second. It flows in one direction for 1499 sec.; the 
next 1429 sec. it flows in the opposite direction and it continues 
to thus alternate as long as it flows. A 25-cycle current (Fig 
68), alternates 50 times a second. 

679. The Difference Between Alternating-current and Direct- 
current Phenomena is very pronounced. The fact that a direct 
current always flows in the same direction while an alternating 
current constantly alternates in direction, as hereinbefore de 
scribed, is in itself a significant thing. But, as will be shown 
due to the fact that an alternating current does constantly change 
in direction and in intensity, certain effects, which do not exist 
with steady currents, with alternating currents become 
great importance. These are the effects of inductance (Art. 
471) and of permittance or as it is frequently called electrostati 4 
capacity (Art. 753). Just how inductance and permittance 
in alternating-current circuits produce these important condi 


tions will be shown in following articles. For the present, note 
the following: 


1. The current in an alternating-current circuit may not be equal to the e.mf. 
impressed on the circuit divided by the resistance of the circuit. That is, Ohm’s 
law (Art. 134) does not apply to alternating-current circuits in the way in 
which it applies to direct-current circuits. However, it will be shown, Art 
744, that Ohm’s law is also true for alternating-current circuits or any cir- 
cuit, but that it can not always be applied directly. 

, 2. The sum of the voltage drops across the components of a circuit carrying 
alternating-current current may not equal the e.m.f. impressed on the circuit. 
470 
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a direct-current circuit the sum of the voltage drops does equal the im- 
essed e.m.f., Art. 188. 

3. The sum of the currents in the branches of a divided, alternating-current 
cuit (Art. 197) may not be the same as the total current flowing into and out 
the divided circwit. With direct currents, the sum of th@branch currents 
uals the main current, as stated in Kirchoff’s law, Art. 202. 

4, Alternating current may flow in an “open” circuit. - Direct current can 
t flow in an open circuit—except possibly for an instant after e.m.f. is 
plied to or removed from the circuit. The alternating currents that flow 
so-called open circuits are displacement or charging currents due to 
rmittance. 


680. The Method of Generating Alternating Currents was 
dicated in an elementary Way in preceding Arts. 429 and 519, 
tention was directed to the fact that an alternating current 
precisely like any other kind of an electric current in one re- 
ect, namely: a voltage (e.m.f. or difference of potential) must 

developed before an alternating current—or any sort of a 
rrent—can be forced to circulate in a circuit. 


Nore.—To impel an alternating current in a circuit an alternating e.m.f. 
ust be provided. Then, when this alternating e.m.f. is impressed on a 
rcuit, an alternating current, inversely proportional to the opposition 
Impedance,’ Art. 748) offered by the circuit, will be impelled in the cir- 
it. Alternating e.m.fs. are induced in most cases, by moving conductors 
rough flux. A machine whereby conductors are made to cut flux, in such 
way that an alternating e.m-f. is impressed on the external circuit served 
the machine, is an alternating-current generator or alternator. 

It was explained in Art. 520 that the e.m.fs. induced in the armatures of 
_commercial direct-current generators are alternating e.m.fs. and that a 
mmutator is required to commutate these alternating e.m.fs. into direct 
n.fs. Alternating e.m.fs. are induced in the secondaries of induction 
ils (Art. 463). Hence induction coils impel alternating currents in their 
ondary circuits. 


681. A Cycle is a complete set of values through which an 
ternating current or e.m.f. repeatedly passes, as shown in Figs. 
/and 70. A cycle comprises: (a) an increase (OA, Fig. 68) 
current or e.m.f. from zero to a maximum, and a decrease 
B) from maximum to zero, with the current or e.m.f. in one 
wr example, the positive) direction; and (b) in the opposite (for 
ample, the negative) direction, an increase (Be) in current or 
n.f. from zero to a maximum and a final decrease (CD) to 
ro. In the illustration the portion OABCD represents 1 cycle. 


aX AMPLES.—The expression “60-cycles-per-second’”’ means that the cur- 
t or e.m.f. referred to completes 60 cycles in 1 sec., therefore 19 sec. is 
uired to complete 1 cycle; see Fig. 70. See also “Frequency,” Art. 682. 
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With ‘‘a 25-cycle current,” 145 sec. is required to complete 1 cycle as shown 
in Fig. 68. 

682. The Frequency of an Alternating Current or E.m/f. 
is the number of cycles that it completes in 1 sec. Fig. 70 shows 
a graph of a 60-cycle alternating current and Fig. 68 shows a 
graph of a 25-cycle alternating current, both being plotted te 
the same time scale. Thus it may be stated that the frequeney 
of a certain current or e.m.f. is “60 cycles per sec.”” or merely 
““60 cycles” or the frequency in another circuit may be 25 cycles. | 

683. The Frequencies Used in Practice are, in North America, 
25 cycles (Fig. 68) and 60 cycles (Fig. 70). Higher frequencies 
such as 125 and 133 cycles were formerly employed. 


Norr.—A frequency of 60 cycles is common—almost standard—in the 
United States for general lighting and power installations. A frequency of 
60 cycles is usually considered preferable for electric lighting because, with 
lower frequencies, there may be a visible flickering of incandescent lamps. 
However, 25 cycles can be and is used for incandescent lighting. Some 
arc lamps do not operate well on 25 cycles. For long-distance power trans- 
mission a low frequency—for example, 25 cycles—is sometimes considered 
preferable to a higher one because the undesirable effects of inductance 
(Art. 471) and permittance (electrostatic capacity, Art. 753), increase as 
the frequency increases. However, it is now usually conceded that, all 
things considered, 60 cycles is, ordinarily, preferable to 25, even for power 
transmission, where the energy at the receiving end of the circuit is to k 
used for general power and lighting service. A few of the older central 
stations still generate at either 125 or 133 cycles, which were on 
vogue. For single-phase railway work, 15 cycles has been used to a limited 
extent. See the author’s AmmpricaAn Exnecrricians’ HanpBooxK and _ his 
Execrrican Macurnery for further information regarding the adaptability 
of different frequencies for different services. 


684, An Alternation is half a cycle, as shown in Figs. 68 and a 
There are two alternations in a cycle, one in the positive (Art. 
522) and the other in the negative direction. 

685. Phase.—Any point on an alternating-current wave. is 
called a phase. To designate a certain phase of a wave, it must be 
specifically indicated in some way. Usually this is done by spe- 
cifying the number of electrical degrees between the phase to be 
indicated and some reference point or phase on the wave. The 
reference point is, unless otherwise specified, takenas the 0- 
degree point or phase—the starting point of the wave. 

Exampte.—In Fig. 378 (taking O-degree as the reference point or phase), 


Aand A2 are 30-degree phases, B, and By are 90-degree phases, Ci is a 180- 
degree phase, D, and D» are 240-degree phases, F is a 360-degree phase, ete. 
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It was explained in the example under Art. 528 that electrical 
degrees really refer to time. Hence, it follows that the term 
phase may also refer to time. Therefore, a phase may also be 
defined as the time instant when some maximuny zero or any other 
value is attained by the wave. 


Exampty.—When two alternating currents attain their corresponding 
zero, maximum and intermediate (not necessarily the same) values at 
exactly the same instants, they are said to be in phase. If the currents are 
not in phase they attain corresponding values at different instants. Norr.— 
DIFFERENCE IN PHASE is obviously the difference, usually stated in degrees, 
between two specified phases. 

Exampie.—The difference-in phase between points A: and B, in Fig. 
378 is: 90 — 30 = 60 degrees. The difference in phase between points B, 
and £ is: 360 — 90 = 270 degrees. 


sAlternating-Current Wave-“[ 


eet I Cytle-——=w0 0b enna nnninn = C= 


Fig. 378.—Ilustrating the term ‘‘ phase.” 


Nots.—The above-given definitions for “phase” are the technically 
correct ones. However, the word ‘‘phase,’’ as loosely used, has other 
meanings. Sometimes, each of the three wires of a three-phase circuit is 
‘called a “phase wire’’—or for short, “a phase.” Also, any pair of wires 
of a polyphase (Art. 793) circuit, across which the normal voltage of the 
circuit should exist, is sometimes referred to as a phase of the circuit. Two- 
phase and three-phase currents and circuits are treated in following Arts. 
794 and 803 respectively. 


686. Alternating E.m.fs. and Currents May Be Either Single- 
phase or Polyphase depending on the construction and arrange- 
ment of the generator used for their production. Single-phase 
e.m.fs. currents and principles will first be discussed and later 
(Art. 793) polyphase circuits and devices will be treated. 

687. The Term ‘‘Single-phase’’ implies a single, or only one al- 
ternating e.m.f.—or current—in a circuit. That is, with a single- 
phase e.m.f. or current there is at any given instant only one 
“phase,” as defined in Art. 685. With polyphase e.m.fs. or cur- 
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rents there is more than one “phase” at any given instant (Art. 
793). 


ExampLe.—In the graph of a single-phase alternating current, shown in 
Fig. 378, there is at the 90-degree instant but one “phase,” B;. In the two- 
phase curve of Fig. 476 there are two “phases” at the 90-degree instant. — 
In the three-phase curve of Fig. 488 there are three phases at the 90-degree 
instant. There are two “phases,’”’ at every instant, in a two-phase e.m.f. 
or current curve and three “phases” at every instant in a three-phase curve. 

Norr.—As will be shown later, under polyphase e.m.fs. and currents 
(Art. 793), there may be two or more alternating e.m.fs. impressed on, or 
two or more alternating currents in, the same polyphase circuit. A single- 
phase circuit ordinarily requires but two wires and is, in this respect, similar 
to a two-wire direct-current circuit. A polyphase circuit always has more 
than two wires. 

Exampies.—The alternating e.m.f. induced in the loop of Fig. 271 when 
it is rotated in the magnetic field is a single-phase e.m.f. and the current 
this e.m.f. impels in the external circuit is a single-phase current. Hence, — 
graphs like those of Figs. 269 and 379 represent graphically single-phase 
e.m.fs. and currents. A single-phase 


125 = °  * 
generator is one which impresses a 


100 = eae S 

a3 ee AMrermatting) ELE Gaurve single alternating e.m.f. on its external 
5 circuit. A single-phase circuit is one 
25) . - . . 

+ which has impressed on it, by its source 
3 p , by 


of e.m.f., a single alternating e.mf. 
Any alternating e.m.f. impressed on a 
two-wire circuit must be a single-phase 
e.m.f. and any alternating current in a 
two-wire circuit must be a single-phase 
Fig. 379.—Illustrating instantaneous #Iternating current. 


values of e.m.f. 
688. An Instantaneous Value 
of an Alternating Current or Voltage is its value at some des- 


ignated instant (phase) or, in other words, at some designated 
point in its cycle. 


—_ 


(O° 
240° 


g BO” Ih) 2 
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ExampiE.—In Fig. 379 the instantaneous e.m.f. at the 30-degree phase 
is +50 volts (see Figs. 68 and 70 which indicate the actual time elapsing 
between different phases for 25- and 60-cycle e.m.fs.). At the 45-degree- 
phase the instantaneous e.m.f. is + 70.7 volts. At the 14-cycle or 90-degree — 
phase (Fig. 379) the instantaneous e.m.f. is + 100.0 volts, which is also the © 
maximum. or crest e.m.f. in this case. At the 180-degree phase the instan- 
taneous e.m.f. is 0 volts. At the 270-degree phase the instantaneous e.m.f. — 
18 — 100.0 volts, ete. -The symbol + means that the e.m.f. value following 


it is in the positive (Art. 521) direction. ‘he symbol — means that the 
e.m.f. is in the negative direction. 


é 


689, The Maximum Value of an Alternating E.m.f. or Current 
(sometimes called the crest value) is the greatest value that it 


Src. 41] ALTERNATING CURRENTS 475 


attains, Fig. 380. It is an instantaneous value. For example, 
the maximum value of the alternating current of the graph of 
| Fig. 70 is 100 amp.; that of the graph of Fig. 73, is 1 amp. With 
a sine-wave form, a maximum, pore y-direction current flows 
for only an instant during one mation of a cycle and a maxi- 
mum, negative-direction current flows for an instant during the 
other alteration of the cycle. 

Nots.—The insulation of alternating-current apparatus must be designed 
to successfully withstand the maximum e.m.f. of the circuit. In spite of 
the fact that this maximum is (where the e.m.f. has a sine-wave form) im- 
pressed for only an instant during each alternation, the insulation may 
be broken down during these “‘maximum” instants if it is not of sufficient 
strength. 

690. The Average Value of an Alternating Current or E.m.f. 
(Fig. 380) is the average of all of the instantaneous values—of 


BRE REREESS 
Nai wall 


Effective=,J07E 


Fie. 380.—Relations between maximum, average and effective values of alter- 
nating currents and voltages. 


current or e.m.f. as the case may be—of a cycle. The fact that 
half of the instantaneous values are positive and half negative is 
disregarded in computing the average value. Through the 
application of the higher mathematics it can be shown that: 
The Average Value of an Alternating E.m.f. or Current of Sine- 
wave Form = 0.636 X Its Maximum Value. It follows that: 
Maximum Value = Average Value + 0.636 = 1.57 X Average 
Value. These relations are given in the formulas in Art. 697. 

Norre.—Average values are seldom used or referred to except in theoretical 
demonstrations, as for illustration in the proof under Art. 737. A. practical 
man may never hear of average values in his everyday work. 

691. The Effective or Virtual Value of an Alternating Current 
is defined as that value (Fig. 380) which will produce the same 
heating effect as will the same intensity of direct current. An 
alternating current is continually changing in intensity, within 
a certain range, from instant to instant. And it changes in di- 
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rection at each alteration. These changes occur even if the load 
is constant. The table under Art. 116, in the first part of the 
book shows how an alternating current thus varies. 

Now these changes occur many times a second with the alter- 
nating currents which are used in practice. For example, with 
a 60-cycle current (Fig. 70) there are 120 alterations per second. 
Commercial ammeters could not be made which would indicate 
at every instant these constantly changing values—even if it 
were desirable to have them do so. The mechanisms of the in- 
struments could not respond to these ever-changing variations. 

When an alternating-current flows in an instrument designed 
for measuring alternating current intensities, the pointer of the 
instrument will be deflected along its scale a certaim distance and 
will remain steady at that location so long as the current remains _ 
constant, that is, so long as the maximum value of the current — 
does not change during successive alternations. But if the 
alternating-current intensity de- 
creases—if its maximum value de- 
creases through successive alterna- 
tions—the pointer will swing back 
showing a smaller deflection. If 
the alternating current increases, 

Fra. 381.—Illustrating the heating the deflection of the pointer will 
effects of direct and alternating become greater than before. 
currents. 5 : ‘ 

It is evident, therefore, that by 
properly marking its scale, the ammeter could be “calibrated” 
to indicate either the average or the maximum value of the cur- 
rent passing through it. However, it is more convenient to have 
the instruments indicate effective values, as they are above defined. — 


* Ammeter 
Reads |0Amp. 


‘Resistor 


ae 


a 


Exampiy.—lIf a direct current of 10 amp. intensity (as indicated by the 
ammeter, Fig. 381) flowed, for say 1 hr., through the insulated resistor sub- 
merged in the water in the vessel,the heat, due to the [2 X Floss (Art. 167) in 
the resistor, would raise the temperature of the water in the vessel. Assume 
that this direct-current heating effect raised the temperature 10 deg.—from 
70 deg. to 80 deg. F. Now assume that instead of direct current, an alter- 
nating current is forced through this same resistor submerged in this same 
vessel. Further, assume that the intensity of this alternating current is 
regulated by varying the applied e.m.f ., until a constant alternating current 
flows through the resistor which will, in exactly 1 hr., raise the temperature 
of the water from 70 deg. to 80 deg. .—the same temperature rise as before. 
Then this alternating current would have an effective value of 10 amp., be- 
cause it has the same heating effect as a 10-amp. direct current. In other 
words, it would be an alternating current of 10 amp. ; 
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Nortr.—The ampere was used as the unit of direct-current intensity before 
| alternating currents were employed. When then it became necessary to 
measure alternating-current intensities, instead of defining some new unit 
for measuring these intensities, it was decided to also call the unit of alter- 
nating current an ampere and to have it, insofar as possible, equivalent to 
the direct-current ampere. 

Now alternating-current intensities can not be compared with direct- 
| current intensities on the basis of their electrolytic effects. Why? Be- 
cause the metal deposited electrolytically by an alternating current during 
any one alternation would be redeposited in the other direction, during the 
next alternation. Obviously, the net electrolytic effect of an alternating 
current is nil. Hence an alternating-current intensity or rate of flow, 
can not be defined by its electrolytic effect as is the direct-current intensity. 
But the heating effects of alternating and direct currents can be compared 
readily—as shown in the above example. Hence it was decided to define 
the alternating-current ampere on a basis of its heating effect as hereinbe- 
fore specified. z 


692. Alternating-current Measuring Instruments Indicate 
Effective Values.—This is true of both ammeters and voltmeters. 
When speaking of alternating currents or e.m.fs., the values 
referred to are, ordinarily, unless it is otherwise specified, effective 
values. The practical man deals almost exclusively with effect- 
ive values. 

693. The Relation of the Effective to the Maximum Value of 
an Alternating Current or Voltage is shown in Fig. 380. It 
may be expressed thus: Hffective Value = 0.707 * Maximum 
Value. It also follows that: Maximum Value = Effective Value 
+ 0.707. Equations expressing these relations are given in a 
following paragraph, Art. 697. 

ExamMpLe.—What is the effective value of the alternating current of Fig. 
70? Soxiution.—Its maximum value, reading from the graph, is 100 armp. 
Hence to find its effective value: 

Effective value = 0.707 X maz. value = 0.707 X 100 amp. = 70.7 amp. 

ExAMPLE.—What is the effective voltage of a circuit that has a maximum 
voltage of 156 volts? Sonutron.—Substitute in the formula: 

Effective value = 0.707 X maz, value = 0.707 XK 156 = 110 volts. 

Exampiy.—lIf a voltmeter on an alternating-current circuit reads 2,200, 


what is the maximum instantaneous voltage? SoLtution.—Voltmeters 
and ammeters always indicate effective values, Art. 692. Substitute in the 
formula: ie ape 
i 
Maximum value = F ffectine pate = 0.707 = 3,110 volis. 
694. Why the Effective Value Equals 0.707 < the Maximum 
Value may be explained thus: The effective value of an alter- 
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nating current is, as stated in Art. 691, determined by its heating 
effect. Now the heating effect of a current of electricity is pro- 
portional to the square of the current, in amperes (Art. 167). 
It follows that the heating effect of an alternating current at 
any instant is proportional to the square of the current at that 
instant. Now if the squares of the current intensities of an 
alternating current for a great number of equidistant instants 
over an alternation be computed and their average taken, this 
resulting value will be the average or mean square of all of these 
instantaneous currents. Then to ascertain the equivalent steady 
current that would produce the same heating effect as all of the 
instantaneous currents of different values, the square root of 
the mean square is taken. It will always be found, if the problem — 


ae a 


Amperes 


a0" 80° 


¥5001.40 = 70. ees | 
Effective Current (A; 


Time 
Fig. 382.—Illustrating approximate method of determining the effective value of — 
an alternating current when its maximum value is known. \ 


is solved by the approximate method just described, that this” 
square root of the mean square for currents of sine-wave form is 
about equal to 0.707 of the maximum value. It can be readily 
shown, by the application of the exact methods of the higher 
mathematics, that the value 0.707 is absolutely correct for cur- 
rents of sine-wave form. 


Exampie.—Consider the alternating-current sine curve of Fig. 382. 
The maximum current is 100 amp. The mean square of the current values 
at 9 different equidistant instants is 5,001.40. The square root of 5,001.40 
is 70.72 amp. which is the effective current in accordance with this approxt- 
mate solution. Actually the effective current, with a maximum of 100 amp. 
would be 70.71 amp. Hence, the above approximate solution gives a value 
just a trifle high. If current values are taken 2 degrees apart over an alter- 


| 
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nation, instead of 20 degrees apart as in the example just solved, the effect- 
ive value will come out almost exactly 70.71 amp. Obviously it is not 
necessary to consider values over an entire cycle, as the values for one alter- 
nation are the same as those for another, assuming that the maximum current 
remains the same. That is, the values for the first half cycle will be the 
same as those for the second half cycle. 


695. The Effective Value of an Alternating E.m.f. is that value 
which will propagate an alternating current of correspending 
intensity. The meaning of this statement can be understood 
from a consideration of the following numerical example. 


Exampue.—lIf a circuit (Fig. 383,/), comprising resistance only and having 
a resistance of 10 ohms, an effective alternating current of 6 amp. flows, 
the effective e.m.f. impelling the current is (Ohm’s law): # =I XR = 
6 X 10= 60 volts. If an effective current of 15 amp. flows in this same cir- 
cuit (Fig. 383,77) then the effective e.m.f. vere it must be: 15 X 10 = 
150 volts. 


696. The Relation of the Effective Value of an Alternating 
E.m.f. to Its Maximum E.m.f. is numerically the same as the rela- 
tion of effective and maximum current values. It is always the 


.--Ammeter 
Reads |5 Amp. 


Ge -“Ammeter 


\ Voltmeter-~ 
Voltmeter Reads /50 ¥. 


Read's 60V.- 


10 Ohms-- 


Source of © 


I-Current = 15 Amp. 


I- Current = 6 Amp. 


fic. 383.—Effective e.m.fs. of 60 and 150 volts respectively apelling effective 
currents in alternating-current circuits. 


e.m.f. which originates or impels a current and a current is 
always proportional to its e.m.f. If an alternating current has 
a sine-wave form, the e.m.f. which impels it must, obviously, 
havea sine-wave form. Hence, the same numerical relation must 
hold between maximum and effective values for both voltages and 
currents. 

Hence, equation (166): Effective emf. = 0.707 K maximum 
e.m.f. It follows that maximum e.mf. = effective e.m.f. + 0.707 = 


1.46 X effective emf. 
Equations indicating these relations are given in the following 


article No. 697. 
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697. The Numerical Relations of Maximum, Effective and 
Average Values to one another are shown in the following equa- 
tions. They have been thus collected for ready reference: 


(161) Maximum value = *1.41 X Effective value 
That is: 

(162) Ey = *141 X Ez, or, ly = *141 Xd, 
(163) Maximum value = 1.57 X Average value 
That is: 

(164) Ey = 1.57 X Ha, Or; [pe = TST Se 
(165) Effective value = 0.707 X Maximum value 
That is: 

(166) Ez = 0.707 X Ey, or, Ig = 0:707 X Ty 
(167) Effective value = 1.11 X Average value 
That is: 

(168) Ey = 1.11 X Ha, or, In = 1.11 XT, 
(169) Average value = 0.636 X Maximum Value 
That is: 

(170) EL, = 0.636 X Hy, or, I, = 0.636 X Iy 
(171) Average value = 0.901 X Effective value 
That is: 

(172) a= 0,901 X Ey, or, I, = 0901 XJ, 


*The value 1.41 is an approximate expression of the exact value /2. Amore accurate 
expression of this value is: 1.414228, 


SECTION 42 


ALTERNATING-CURRENT GENERATOR PRINCIPLES 
AND CONSTRUCTION 


698. Practical Alternating-current Generators May Be Di- 
ided into Two General Classes Thus.—(1) Revolving-armature 
achines. (2) Revolving-field machines. As stated in Art. 534, 
he armature is the portion of a generator in which the e.m.f. is 
induced. The field is the structure which provides the magnetic 
field, the flux of which cuts or is cut by the armature inductors, 
whereby the e.m.f. is induced. Each of the two classes is briefly 
treated below. 

699. The Construction of Re- 
olving-armature Alternators is % Dee 
shown in Figs. 384 and 385. In ; 
eneral they are quite similar to 
direct-current generators except 
hat collector rings (Fig. 386) are 
substituted for the commutator. 
The fields must be excited with 
direct current, for which an in- 
dependent, small direct-current 
generator—an exciter—is ordi- 
narily required. Frequently the 

: : : : Fie. 384.—Revolving-armature, 

exciter-armature winding is wound belted alternator (General Electric 
on the same core with the alter- Co., 25-kva., three phase, 1734 
nator winding and a separate ace Phased pclae 108 
sommutator provided forit. With 
such an arrangement, or when an independent exciter is direct-con- 
1ected to the alternator, the revolving-armature alternator is then 
elf-contained. Revolving-armature alternators are frequently 
suilt on the same frames as are used for direct-current generators. 

700. A Telephone Generator or Magneto Is a Revolving- 
rmature Alternating-current Generator.—This machine is de- 
eribed and illustrated in Art. 543. The magnetic field in this 
nachine is produced by permanent magnets which are described 
n the data on “Magnetism” in Art. 80. 
31 481 
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701. The Application of Revolving-armature Alternators is, 
in practice, limited because revolving-field machines (Art. 
704) are, in the larger capacities less expensive, and in any case 
have better inherent characteristics. It is seldom that revoly- 
ing-armature alternating-current generators are made for capaci- 


© Commutator for Direct Current- Armature Winding, 
Excitation of the — = a ed 
Field Magnets~~__ IG 


Nee. 


1% 


- Collector Rings+-<7- 
Grsulated from each Ede Eset he , 
other and from Shaft) : 


Fie. 385.—Complete armature of a revolving-armature alternator. (This, 
having three collector rings, is for a three-phase machine. The construction and 
arrangement of single-phase and two-phase armatures is similar.) 


ties exceeding 25 kva. (three-phase, 1714 kva., single-phase) or 
for voltages exceeding 600. Their inherent regulation is poor 
and the alternating voltage is impressed on the armature and 
collector rings, which are difficult to insulate economically for 


Collector 
ings~. 


-Alternating E.M. f---—- 


\ Stationary Neo : Revolving.<” E 
Field ‘Revolving Armature Armature 
I-Two-Pole Generator pants . 
IOI ase 
I-Four-Pole Generator 


Fra. 386.—Showing how revolving-armature windings are connected to collector 
rings in revolving-armature, alternating-current generators (single phase). 


high voltages. In revolving-field machines the revolving parts 
are not subjected to high or line voltages. 


702. The Explanation of the Operation of a Revolving- 
armature Alternator is as follows: 


EXPLANATION.—When the armature is in the position indicated in Fig. 
386, I, the e.m.f, impressed on the rings is zero. The e.m.f. induced at this 
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instant in the inductors between B and C is equal and opposite to that 
induced in those between Cand D. Also, the e.m.f. induced in winding BA 
neutralizes that in DA, so there is no e.m.f. across the rings. But when the 
armature is rotated 14 revolution, then, at that instant, the e.m.fs. in wind- 
ings DAB and DCB are a maximum and maximum voltage is impressed on 
the rings. When the armature has been rotated through another 14 revolu- 
jtion the e.m.f. across the rings is again zero. When it has been rotated 
jthrough still another quarter the e.m.f. is again a maximum, but it is now 
in the opposite direction. These statements may be verified by apply- 
ing the hand rule for determining the direction of an induced e.m.f. Thus 
as the armature is rotated it impresses an alternating e.m.f. on the external _ 
circuit connected to its collector rings. 


703. A Revolving-armature Al- 
ternating-current Generator Can 
Be Arranged from any Direct- 
current Generator. (Fig. 387)— 
It was shown in Art. 520 that 
the e.m.f. induced in a loop or 
coil rotated in a magnetic field 
is an alternating em.f. Hence, — 
a (bipolar) direct-current genera- 2 
tor may be modified into an alter- 
nating-current machine by sepa- 
rately exciting (Art. 554) its field 
with direct current, tapping its i 


1 


] 
i 


il 


armature winding at two dia- / ‘tnsulartion 
A ‘ ° Connections to 
metrically opposite points and . Commutator Bors 


connecting each of the taps to a Fria. 387.—Showing how the com- 
mutator of a bipolar direct-current 


collector ring, as shown in Fig. generator can be fitted with collector 
386, i When an armature thus rings to impress an alternating e.m.f. 
connected is rotated in the field, 

an alternating e.m.f. will be impressed across the collector rings. 
The collector rings may be attached to (but insulated from) the 
commutator of the armature as shown in Fig. 387. When a 
machine is built as an alternator, obviously, only the collector 
vings are necessary; a commutator is not then required. 

With a multipolar-field machine, there should be as many equi- 
distantly spaced taps from the armature winding to the collector 
rings (Fig. 386) as there are poles. Alternate taps connect to 
the same ring. The information given in this article applies to 
single-phase generators. For polyphase machines it must be 


modified as elsewhere suggested. 
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ExaMPLe.—Fig. 386,/I shows the revolving-armature winding of a four- 
pole generator tapped at four equidistant points and connected to two 
collector rings so as to impress an alternating e.m.f. across the collector 
rings. The brushes are, for simplicity, omitted. 


704. Revolving-field Alternators are the most important com- 
mercially, for reasons suggested in Art. 701. All modern 
machines of large capacity are of this type. Figs. 388 and 389 
show typical horizontal, revolving-field machines. Fig. 390 
details the general construction of all revolving-field alternators; 
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Fig. 388.—A revolving-field, belt-driven alternator. (The illustration shows 
an 8-pole, 150-kva., 900 r.p.m., 2300-volt, three-phase, type TRB, form B 
General Electric Company machine.) 


however, some of the mechanical features there shown are 
incorporated only in vertical machines. 

705. The Elementary Revolving-field Alternating-current 
Generator is diagrammed in Fig. 391. The revolving field is 
produced by the rotating electromagnet M which is energized 
with direct current circulated by a couple of dry cells. ‘The dry 
cells are equivalent to an exciter. The stationary conducting 
loop L is equivalent to a stationary armature winding. Note 
that this arrangement is similar to the elementary generator of 
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ig. 253 except that, in that illustration, the armature is rotated 
nd the field is stationary. 


EXpLaNation.—As the field M is rotated (clockwise) its flux cuts the 
stationary conductor L. At the instant pictured, the flux from the S pole 
s cutting the top side of the loop and that from the N pole the bottom side 
f the loop. An e.m.f. is being induced and a current will flow (from front 
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‘ig. 389.—A revolving-field engine-type alternator. (This is a 26-pole West- 
inghouse machine.) 


) rear in the top side of the loop) in the direction shown by the full-line 
rrows (hand rule, Art. 427). When M has been rotated 14 revolution to 
horizontal position, then at that instant, no flux will be cutting L and the 
m.f. induced in it will be zero. At the instant after M has been rotated 
nother 14 revolution, its S-pole flux will be cutting the bottom side of the 
op and the N flux the top side. . Now the e.m.f. and the current it impels 
_the loop will be (from rear to front in the top side) as shown by the dotted 


486 PRACTICAL ELECTRICITY [Art. 705 


Upper Bearing Bracket -+ 


eT 


= 


*+Fielal Coil 
Lower Bearing 


C) 
& 
b 


Coupling----> 
tor Attachment to 
Turbine Shaft 


al a 


Fic. 390.—Showing construction of a vertical, revolving-field, alternating-cur- 


rent generator for water-wheel drive. 
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Fie. 391.—Alternating e.m.f. being induced in a stationary conductor by a ~ 


rotating field. 
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1@. 392,—A 100-pole revolving-field for a slow-speed alternator. (Westing- 
house Electric Company.) 
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?, 393.—A 12-pole revolving-field structure for a high-speed alternator. 
(Westinghouse Electric Company.) 
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arrows. Thus an alternating e.m.f. has been induced in the loop as the 
field has been rotated. This e.m.f. has impelled an alternating current. 
So long as the rotation of the magnet M is continued, the alternating cur- 
rent will flow in the external circuit. 

706. The Construction of Revolving Fields for Alternators 
is indicated in Figs. 392 and 393. Where the machine is to rotate 
at high speed the spider is usually built up of steel-plate lamina- 
tions. Cast-steel or cast-iron spiders are used for machines for 
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Fig. 394.—Stationary armature structure for an alternator. 


the lower speeds. ‘he field coils are wound on laminated steel 
cores and are frequently insulated with non-combustible materials 
so that they can be overloaded without damage. 

707. Armature Construction and Windings of Revolving-field 
Alternators are shown in Figs. 394 and 395. The armature coils 
are, instead of being wound on projecting poles as shown in 
Fig. 396, arranged in slots along in the armature core as illus- 
trated (Figs. 394 and 395). This arrangement is the most econo- 
mical and effective. The armature cores are built up from 
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Fic, 395.—Portion of the armature structure of a revolving-field alternator. 


(Westinghouse Electric Company.) 
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Fia. 396.—Diagram of a four-pole revolving-field generator, single phase. 
(Strictly, the pole faces should be no wider than the armature coils to insure 


correct generation of alternating e.m.f.) 
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laminations or punchings in somewhat the same way as are the 
armature cores (Art. 569) of direct-current generators. How- 
ever, the punchings for alternating-current stationary armatures 
form rings similar to that of Fig. 305, except that the winding 


ss Direction of Motior 
of Field Poles 


Direction of 


at this Field Poles 


Fig. 397.—Development of an armature winding for a four-pole alternator. 
(This may be considered as showing either a rotating-field winding or a rotating 
armature winding. For a rotating-armature winding the direction of motion of 
the field would then be the opposite of the direction shown to produce the e.m.f. 
directiors indicated.) : 

; 


slots are on the inside of the ring for the alternating-current | 
machines. Form-wound coils (Art. 575) are used in modern 
machines. Fig. 397 gives an idea as to how the armature coils — 
are arranged. 
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SECTION 43 


HOW ALTERNATORS DEVELOP E.M.FS. 


708. The Explanation of the Induction of E.m.f. on the Basis 
of Cutting Flux, by an Alternating-current Generator in Which 
the Inductor Coils Are in Slots Distributed Along in the Surface 
of the Armature will now be considered in connection with 
Figs. 397A to 397L. The essential principles are the same as 
those already recited in Arts. 514 and 702. However, just what 
happens is not always readily apparent to the student; hence this 
detailed treatment. Although in the following it is assumed 
that the armature is stationary and that the field poles are 
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Fie. 397A.—Diagram to illustrate theory of the induction of an alternating 
e.m.f. by an alternator. 


moved, a consideration of the situation will render it apparent 
that practically the same explanation applies also in the case of 
moving-armature (revolving-armature) machines. 


ExpLanation.—Consider the apparatus of Fig. 397A. A permanent 
horseshoe magnet (Art. 80), M, provides a magnetic field as shown in Fig. 
397B. The magnet may be moved longitudinally, just above but not 
jouching the stationary laminated iron slab, which has conducting coils 
nounted in but insulated from slots in its surface. The iron slab may be 
sonsidered as the equivalent of the “developed” (Art. 599) armature core of 
in alternator. The arrangement of the armature coils represents a typical 
me for alternators but is not the only way in which the coils may be ar- 
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ranged. However, the general principle to be described holds for all pra 
ticable arrangements of coils. 

Now if the permanent magnet, M,—the equivalent of field magnets of a 
revolving-field alternator—is pushed in either direction along over the coils, 
as shown in Figs. 397A to 397R, a sine-wave alternating e.m.f. will be in 
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Fie. 397B.—Diagrammatic representation of apparatus for illustrating induc- 
tion of an alternating e.m.f. by an alternator. (No current at this instant.) 


duced in the coil inductors, as will be shown. Obviously, an alternating 
current will then be impelled in the external circuit connected to the induc- 
tors. } 

An alternating e.m.f. will be induced in the inductors if the permanent 
magnet is started from the right end and swept toward the left or if itis 


I-Second Instant 
(qk Second After 
2.00 P.M.) 


“Direction of Current 
Fie. 397C.—Field magnet has been shifted through 30 electrical degrees. (Cur- 
rent has started to flow in the positive direction in the external circuit.) 


started at the left end and swept toward the right. In the following ex- 
planation it will be assumed that the magnet is moved from left to right. 

Assume that the magnet, M , 18 started from the position shown in Figs. 
397A and 397B. At the instant just after its uniform movement toward 
the right is commenced, the flux of the magnet will not cut any armature- 
coil inductors because at this instant its flux will obviously tend to complete 
its magnetic circuit through the iron as shown in Fig. 397B. 


ew 


Suc. 43] HOW ALTERNATORS DEVELOP E.M.FS. 493 


Hence, at this instant, no e.m.f. will be induced in the armature inductors. 
However, as the movement of the magnet is continued, its flux does start 
to cut the inductors. The flux from the magnet poles, as they are moved 
toward the right, starts cutting the inductors gradually because the poles 
should be so proportioned as described hereinafter (Art. 709) that the flux 
is weak toward the sides of the poles and strongest toward their centers. 
The instant that the flux commences cutting the inductors then an e.m/: 
will be induced in the inductors. The e.m.f. induced at any instant will, 
as has been shown, be proportional to the rate of cutting at that instant 
(Art. 438). The directions of the e.m.fs. will be as shown in Fig. 397C 
for the conditions of that instant. Verify the e.m-f. directions, using the right- 
hand rule for determining the direction of an induced e.m.f. of Art. 427. 

At the instant just after the magnet has been moved through 30 electrical 
degrees (Fig. 382) a flux of considerable strength is cutting the inductors 
in slots 2 and 3. Therefore, an e.m.f. proportional to this rate of cutting 
is induced at this instant in these inductors. The e.mf. induced at this 


=) 60° } So | IL- Third Instant 
| = (750 Or 360 Second 
GG G ; Mer 300 PM) 


“Direc tion of Current 

Fic. 397D.—Field magnet has been shifted through 60 electrical degrees. 
(A greater current is at this instant flowing in the external circuit in the positive 
direction.) 


instant should be proportional to the vertical distance AB (Fig. 397C) if 
the device (shown in Fig. 397A) has been correctly designed to induce a 
sine-wave e.in.f. 

Note that the e.m.fs. induced in the inductors in slot 2 are in series with 
and in the same electrical direction as those induced in the inductors in 
slot 3. The total e.m.fthe sum of that induced in the inductors in slot 
2 and that induced in the inductors of slot 3—impels a current through the 
external circuit. This current is also forced through the inductors in slots 
4 and 5, since they are in series with the other inductors, although there is 
no e.m.f, being induced in these inductors (in 4 and 5) at this (Fig. 397C) 
instant. Note that the current in the external circuit, at this instant, is 
from left to right—which we will designate as the positive direction (Art. 
521). The lengths of the dotted arrows, which indicate current direction, 
is proportional to the current intensity at this instant. 

As the movement of the permanent magnet, M, toward the right is con- 
tinued, the flux will continue to cut the inductors in slots 2 and 3. The 
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e.m.f. will become greater from instant to instant because, while the magnet 
is being shifted toward the right, the flux cutting the inductors becomes 
stronger as the centers of the magnet poles approach positions directly over 
the inductors in the slots. At the instant of Fig. 397D the magnet has” 
been shifted through 60 electrical degrees. The e.m.f. being induced at 
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Fic. 397H.—Field magnet has been shifted through 90 electrical degrees 


(Current has, at this instant, attained its maximum value in the external circuit 
in the positive direction.) 


2 
this instant is proportional to the vertical distance CD. The e.mf. is still. 
in the positive direction (hand rule, Art. 427) and the current forced by it 


through the circuit is in the positive direction, as represented in direction 
and in intensity by the dotted arrows. 
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Fic, 397F.—Field magnet has been shifted through 120 electrical degrees. — 
(Current is now decreasing but is 


still flowing in the positive direction in the 
external circuit.) i 


As the uniform movement of the magnet, M, toward the right is continued, 
the position of Fig. 397E is soon attained. At this instant the inductors — 
are being cut by the field that is directly under the centers of the magnets 
where the field is strongest. Hence, at this instant, a maximum e.mf., 
proportional to EF, is being induced. The current at this instant is there- 
fore a maximum—and it is in the positive direction. 


Now as the transition of the magnet, M, is continued, the inductors are 


Suc. 43] HOW ALTERNATORS DEVELOP E.M.FS. 495 


being cut by a weaker flux, hence the e.m.f. now decreases from instant to 
instant. At the instant of Fig. 397F, the em. is proportional to only GH. 
At the instant of Fig. 397G the e.m. ig proportional to JJ. The current is 
obviously also now decreasing from instant to instant—but is still in the 
positive direction. 


WI- Sixth Instant 
(5% OY jag Second 
After 2.00 P.M.) 


Fic. 397G.—Field magnet has been shifted through 150 electrical degrees. 
(Current at this instant is still decreasing but is still flowing in the positive 
direction.) 


When the position of the instant of Fig. 397H is reached, no flux is cutting 
the inductors. Hence no e.m.f., as indicated at K, is being induced and 
there is no current in the circuit. Note that the e.m.f. and the current have 
gradually increased to a maximum and decreased gradually to zero, in the 
positive direction JK, asshown by the sine curve XBDFHJK , while the mag- 


Wl- Seventh Instant 
(3% or 749 Second 
After 7.00 RM.) 


No Current at this Instant 


Fia. 397H.—Field magnet has been shifted through 180 electrical degrees 
(No e.m.f. is being induced at this instant, hence there is no current in the exter- 


nal circuit.) 


net, M has been shifted through 180 electrical degrees. The e.m.f. has 
passed through one alternation. 

As the movement is continued, the flux will now cut the inductors of 
slots 3and 4, But note (Fig. 397/) that the flux is now cutting the induct- 
ors in a direction opposite to that obtaining previously. It follows that the 
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em. and current will be in a direction opposite to that obtaining during 
the first 180 degrees. At the instant of Fig. 397/, after the magnet has been 


MII- Eighth Instant 
(& or ag Second 
After 2.00 RM.) 


Fie. 3977.—Field magnet has been shifted through 225 electrical degrees. 
(E.m.f. and current are now in the negative direction in the external circuit and 
the current is, at this instant, increasing in this direction.) 


IX- Ninth Instant 
(q85 or & Second 
After 2.00 P.M.) 


X- Tenth Instant 
(qa Second 
After 2.00 RM.) 


Fia. 397K.—Field magnet has been shifted through 315 electrical degrees. 


cae through 225 degrees, the e.m.f. has now increased in the negative 
irection so as to be proportional to LM. The dotted arrows represent the 
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rection and intensity of the current at this instant. (The pictures are 
w showing conditions at 45-degree intervals instead of at 30-degree in- 
rvals as during the first 180 degrees.) 
Fig. 397J pictures conditions at the 270-degree instant. The e.m-f. and 
rrent have increased to a maximum in the negative direction. The e.m-f. 
this instant is proportional to NO. Now as movement is continued, 
e e.m.f. induced will decrease gradually, as shown by the sine curve until, 
the instant shown in Fig. 397K it will have decreased to a value propor- 
onal to PQ. E.m.f. and current are in the negative direction. 
Fig. 397L diagrams conditions after the magnet has been shifted through 
0 degrees. The e.m.f. and current have again decreased to zero at this 
stant. A cycle has been completed. 
Tf it is assumed that the permanent magnet, M, was moved at such a 
niform rate as to induce a 60-cycle e.m.f., it would require just 160 sec. to 
ove it through the 360 electrical degrees constituting a cycle. If the mag- 


X1-Eleventh Instant 
(z85 or dy Second 
After 2.00 RM.) 


“No Current at this Instant 
Fic. 397L.—Field magnet has been shifted through 360 electrical degrees. 


1et were started (Fig. 397B) at just 2 o’clock, Fig. 397L would (for a fre- 
juency of 60 cycles) represent conditions }é0 sec. after 2 o’clock. The 
ntervening illustrations illustrate correspondingly the conditions at the 
lifferent time instants as noted. . 

Consideration of the facts will then render it obvious that if 
. number of armature coils are arranged in an armature core and 
. suitable number of electromagnetic poles are arranged (as 
hown in Fig. 397M) so that the poles may be swept past the 
oils, alternating e.m-fs. will be induced in these coils when the 
yoles are shifted. By forming the developed armature into a 
ing and by mounting the poles on a wheel (Fig. 392) to rotate 
vithin the armature ring, an arrangement whereby the poles may 
se continuously swept past the coils is provided. Such an ar- 
angement would constitute a revolving-field alternator (Fig. 
389). 

32 
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709. The Distribution of Flux under a Field-pole Face is shown 
in Fig.397N. Note that in this illustration the flux is much 
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Fia. 397M.—Development of armature and field indi 


cating method whereby a 
alternating e.m.f. is induced 


denser at the middle of the pole than at the sides. Rounding o 
the pole face, AB, as illustrated obviously tends to produce thi 
condition. As is noted in the 
explanation under Art. 708, suc 


Field : . . 
Pole & non-uniformity of field, if con 
A Ap sistently planned, assists toward 
som of PY FITANN § S72 the production of a sine-wayv 


form e.m.f. If the flux in th 
air gap were uniform all along 
under the pole face, the e.m.f. ing 
duced in an inductor, when the 
pole were swept past the ind vel 
Ate os bow, oe ee tor, would tend to have a flat- 
mer °° topped form somewhat like that 
of Fig. 73, rather than a sine- 
wave form. In fact the wave form of the e.m.f. induced by an 
alternator can be controlled to a considerable extent by varying 
the contour of the pole face. The wave form is also dependent 
on the arrangement of the inductors in the armature slots. 
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Distributing the inductors along in the armature surface (rather 
than concentrating them at afew locations) tends toward the pro- 
duction of a sine-wave e.m-f. 

710. The Simplest Explanation of the Induction of an Alternat- 
ing E.m.f. in a Coil, Past Which a Magnet Pole Is Moved, follows 
from the rule of Art. 428. While a moving field pole is ap- 
\proaching a position just opposite a stationary coil, it is 
obvious that then the flux enclosed by the coil is increasing. 
Hence, an e.m.f. is then induced in one (clockwise or counter- 
clockwise) direction in the coil Fig. 397C. When the pole is 
moving away from the coil, the flux is decreasing which effects 
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Fie. 3970.—Illustrating the rule: ‘‘Look through the coil in the direction of the 
lines of force, then a decrease in the flux enclosed by the coil induces an e.m.f. ina 
clockwise direction.”’ 


Coil 


the induction of an e.m.f. in the opposite direction. Thus,as 
the pole approaches, moves past and leaves the coil, an alternat- 
ing e.m.f. is induced in the coil. 

711. Where a High E.m.f. Is to Be Induced in the Armature of 
a Revolving-field Alternator a Number of Inductor Turns Must 
Be Connected in Series.—That this should be true will be evident 
from a consideration of the statements of Art. 564 where it is 
explained that in direct-current generators a number of turns are 
connected in series where voltages sufficiently high to be used in 
practice are to be induced. It is obvious, therefore, that the 
rate of cutting flux (Art. 438), hence the induced voltage, obtain- 
able with an arrangement like that of Fig. 397L would be very 
small. For the induction of usable voltages a number of arma- 
ture turns of the generator must be connected in series as shown 
diagrammatically in Fig. 397P, which illustrates a principle 
rather than actual construction. The greater the number of 
turns in series in the armature winding, the greater the rotat- 
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ing-field flux, and the greater the rotational speed of the fiel 
the greater will be the rate of cutting. Hence, the effecti 
induced e.m.f. will be increased if any one of these factors is 
increased and it will be decreased if any one of them is decreased. 
712. An Alternation Is Completed When a Field Pole Has Be 
Moved a Distance Equal to the Distance Between Center Lin 
of Adjacent Field Poles, that is the distance AB, Fig. 397M. 
A study of illustrations Figs. 397A to 397L and the text accom= 
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Fie, 397P.—Diagram of a two-pole, revolving-field generator (single phase). 
(Strictly, the pole faces indicated above should be no wider than the armat 
coils to insure correct generation of e.m.fs. 


panying them will demonstrate the truth of this statement. Also, 
note that a cycle is completed when any field pole has been mov 
a distance (AC, Fig. 397M) equal to the distance between the cente 
lines of alternate field poles—poles of like polarity. 
713. To Compute the Frequency of the E.mf. Induced by 
Any Alternator (the following rule and formulas are true fo 
revolving-armature or revolving-field and polyphase or Sie 
phase alternators): Multiply the number of pairs of poles by the 
speed of the armature in revolutions per second. That is: 


poles |, r.p.m. _ poles X r.p.m. 
1 eg Saat) = 
(173) cycles 3 x 60 120 
(173A) poles = 120 X cycles 
r.p.m. 
(173B) r.p.m. = 12) aes 


poles 
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erein cycles = frequency of the machine, in cycles per second. 
.p.m. = revolutions per minute of the rotor—either the field 
the armature—of the machine. Poles = number of poles 
the machine, either field poles or armature poles. It also 
llows that: 


74) alternations per second = poles Tepe 
74a) alternations per minute = poles X r.p.m. 


ternations are ordinarily expressed in alternations per minute 
d unless definitely specified in alternations per second, the 
rm “alternations” is taken to designate alternations per minute. 


EXPLANATION.—Obviously, from the explanation of Art. 712, each time 
e loop of an elementary bipolar alternator, Fig. 255, is rotated one com- 
ete revolution, the e.m.f. values pass through 1 cycle (Art. 681). If the 
eed is 1 revolution per sec., the frequency will evidently be 1 cycle per 
ce. Thus, with 1 revolution per sec. and one pair of poles, the frequency is 
cycle per sec. Plainly, if the speed is increased, the frequency will be 
reased in proportion. In the formula (173) above, “r.p.m.” is divided 
y 60 to get it into cycles per second. “Poles” is divided by 2 to obtain 
umber of “pairs of poles.’ 

A consideration of the facts will demonstrate that the e.m.f. induced. by 
1e two-pole “revolving-field alternator” of Fig. 397P, which has one pair 
f poles, will pass through a cycle per revolution; with 2 revolutions per sec., 
1e frequency will be 2 cycles per sec., etc. Now with the four-pole “re- 
olving-field alternator” of Fig. 396, which has two pairs of poles, there will, 
anifestly, be twice as many cycles per revolution. Hence it is apparent 
iat the frequency is also directly proportional to the number of poles. 


See the table in the author’s AmMERIcAN ELEectricrAns’ Hanp- 
00K showing frequencies for different numbers of poles and 


yeeds and vice versa. 

‘Exampte.—lf a two-pole alternator (Fig. 397P) is driven at 3,600 r.p.m., 
hat will be the frequency? Soxution.—Substitute in the formula (173): 
icles = poles X r.p.m. + 120 = 2 XK 3,600 + 120 = 7,200 + 120 = 60 
cles. 

Exampe.——If the four-pole alternator of Fig. 396 is to operate at 60 
cles, at what speed must it be driven? Sonution.—r.p.m. = 120 x 
cles + poles = 120 X 60 + 4 = 7,200 + 4 = 1,800 r.p.m. 

Norr.—It is apparent from the above examples that, for a frequency of 
) cycles, if “7,200” be divided by the number of poles, the r.p.m. will be 
e result. If “7,200” is divided by the speed the number of poles will be 
e result. For 25 cycles, the constant “3,000” may be similarly used. 
ius, for a 60-cycle circuit, the 12-pole field of Fig. 393, would have to be 
tated at: 7,200 + 12 = 600 r.p.m. For a 60-cycle circuit, the 100-pole 
ld of Fig. 892 would have to turn at: 7,200 + 100 = 72 r.p.m. 
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714. Commercial Alternating-current Generators Develop 
E.m.fs. of Approximate Sine-wave Form.—Usually they are 
almost but not quite true sine waves. This matter has - 
been discussed in Art. 525. It follows that the alternating ¢ 
rents of practice also have approximate sine-wave forms. While 
the wave form of the e.m-f. induced in a single loop rotated 
a uniform speed in a uniform magnetic field (as in Fig. 255) is a 
true sine curve, this wave form is not inherently characteristic 
of alternators. Practical alternators do not have single-loo 
inductors nor are their magnetic fields uniform. In fact, skill- 
ful designing is necessary in commercial machines to obtain the 
J" Ter Three. Prose service 
Fa singe Phase Serv 


4 use eit Aand B, 
Z\ Band C or Aand C. 


Fie. 397Q.—Use of a three-phase generator for single-phase service. 


approximate sine-wave forms which these machines produce 
The advantages of the sine-wave form are enumerated in Art. 524 

715. Single-phase Generators are seldom manufactured no 
first, because there is little demand for them and, secondl 
because polyphase generators are more economical in the utiliz 
tion of their constructive materials. Where it is necessary tha 
a single-phase current be generated, it is the practice to use tw 

“phase wires” of a three-phase machine (Fig. 397Q). The singl 
phase capacity of a three-phase machine is 70 per cent. of it 
three-phase capacity. That is, a 100- kva., three-phase machin 
will deliver 70 kva., single phase. 


SECTION 44 


ALTERNATING-CURRENT VECTORS AND VECTOR 
DIAGRAMS 


716. The Words “Lagging” or “Lag” as they are used in 
ternating-current parlance really refer to time. If an alternat- 
g current (or an alternating voltage) “lags” behind another 
ternating current (or voltage) the current (or voltage) which 
gs, attains its maximum value in each alternation a certain 
terval of time later than does the current (or voltage) behind 
ich it lags. Since time may be expressed in electrical degrees 
rt. 528), it may be stated that a current—or voltage—lags 
shind another current—or voltage—by a certain number of 
grees. With a frequency of 25 cycles (Fig. 68) 1 degree is 
juivalent to: }45 sec. + 360 deg. = 145 x 4460 = %.000 sec. 
‘ith a frequency of 60 cycles (Fig. 70) 1 degree is equivalent to: 
0 sec. + 360 deg. = 1éo X 1460 = 1,600 sec. 
Exampie.—In Fig. 426 the current lags behind the impressed e.m.f. by 
‘degrees. That is, in each alternation, the current attains its maximum 
lue (at Inc), 90 degrees later than the impressed e.m.f. attains its maximum 
lue (at A). If the current shown were a 25-cycle current, it would then 
th conditions as illustrated reach, in each alternation, its maximum value: 
< %,000 = Moo sec. later than the e.m.f. attained its maximum value. 
ith a 60-cycle current and the conditions as shown, the current would 
; behind the voltage by 90 X 141,600 sec. = 40 sec. 
717. The Words “Leading” or “Lead” as used in reference 
alternating-current phenomena also refer to time. When a 
rrent (or voltage) “leads” another current (or voltage), it 
fains its maximum value in each alternation a certain interval 
time before the voltage (or current) which it leads attains its 
iximum value. The amount of lead in any case may be ex- 
assed either in degrees or in seconds as may lag, as described 
ove. 
MXAMPLE.—In Fig. 451 the current, A, leads the impressed e.m.f., B, by 
degrees, as shown for instance at XY. In Fig. 426 the impressed e.m.f. 


1s the current by 90 degrees as shown for instance at MN , and the im- 
ssed e.m.f. leads the counter e.m.f. by 180 degrees as shown for instance 


Ok 
503 
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718. There Are Two Graphic Methods of Representing Al- 
ternating E.m.f. or Current Values.—by Vectors and by Sine 
Curves.—That this statement is true might be inferred from 
preceding statements (Art. 526). Each of the two methods has, 
as will be demonstrated, its applications. Furthermore, it is 
sometimes desirable to use the two in conjunction with one 


another. 


ta an-=aosfQ) YO[PS--n-neoe 
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k (ostemenvnecarsteeeeeens nen: 20 VOItS-++---------+-- 22 - 


Fig. 397R.—Vectors representing voltages and currents. 


719. A Vector (review Art. 526) is a line representing by its 
length the intensity of some certain alternating e.m.f. (voltag re) 
or alternating current. 


Exampie.—Refer to Fig. 397R. The line AB represents, to scale, ar 
e.m.f. of 10 volts in one, say the positive, direction (Art. 521), Then D 
represents, to the same scale, an e.m.f. of 20 volts in the opposite or negative 
direction. Similarly, FE may represent to scale a current of 25 amp. it 
the negative direction while GH represents, to the same scale, a current 0! 
15 amp. in the positive direction. Vectors may, obviously, be drawn t& 


360°= One Cycle 


Fia. 398.—Explanation of vector conventions. 


any convenient scale. Where two vectors are to be compared, both shoul 
be drawn to the same scale. 


720. Sometimes Vectors Are Assumed to Rotate as in Figs 
270 and 398. When a vector rotates (Art. 526), the distaneé 
at any given instant, of the end of the vector describing the cirel 
from the zero (usually taken as the horizontal) axis is propo 
tional to the instantaneous value of the e.m.f. or current de 
veloped at the corresponding instant. 
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Exampues.—The line OA in Fig. 398 is a rotating vector. The length of 
ine ED is proportional to the instantaneous e.m.f. induced at the 45-degree 
nstant. 7 


The distance around the circle of Fig. 398 is measured in 
egrees, and each degree represents a certain interval of time. 
The actual length of the time interval in seconds can in any 
ase, where necessary or desirable—be determined by consider- 
ng the frequency as shown in Figs. 68 and 70.) Instantaneous 
alues—for example, HD—determined as above described, may 
e plotted into a sine curve as shown in Fig. 398. 


Nortz,*—As ordinarily used-a vector represents the magnitude of the 
aximum value of the alternating wave current or voltage but it may, if 
rawn to proper scale, represent the effective value. Fig. 398 shows two 
ethods of representing an alternating wave. The wave may be plotted 
na time axis, X Y, in which case the amplitude, BC, of the wave is the maxi- 
um value, and instantaneous values are ordinates (vertical distances be- 
ween curve and base line) to the curve at the particular instants considered, 
or example DE is the instantaneous value at the 45-degree instant. 

Another way of plotting the wave is by a vector OA, the length of which 
s proportional to the maximum value of the wave and which is supposed to 
otate counterclockwise at such a constant speed that it makes one complete 
evolution in the time required for the wave to complete one cycle. The 
ustantaneous values of the wave are always equal to the projection of the 

ector at the given instant on a vertical line. Thus, it is shown in Fig. 398 
that the ordinate ED of the curve at the 45-degree instant is equal, by con- 
struction, to the projection P of the vector OA. 

In the wave figure the difference of time phase is represented by the dis- 
france on the axis X Y between the zero points of the waves. It is evident 
‘rom the above that a rotating vector figure always represents maximum 
values. It is possible to represent effective values to a different scale by 
10n-rotating vectors because they are equal to maximum values divided by 
he constant, 1.41. Instantaneous values can not be shown directly in a 
vector figure or phase diagram, but must be obtained by taking projections. 

Nore.—The lines of different kinds—open, black, dotted, dashed, ete.,— 
ised in a number of the following illustrations, have—insofar as they are 
lifferent kinds of lines—no special significance. The reason why the differ- 
nt kinds of lines have been used for representing different electrical quan- 
ities and values is merely so that the line representing one quantity may be 
eadily distinguished from another line in the same diagram representing 
. different quantity. Plain black, thin lines could have been used for all 
f the lines in all of the diagrams—but the diagrams might then be much 
nore difficult to follow. 


721. Reference Lines in Phase or Vector Diagrams are often 
Irawn before any of the vectors are plotted so that when the 
rectors are plotted they can be located in some definite position. 


* ELECTRIC JOURNAL. 
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Thus Fig. 399,J, shows how such reference lines, AA and BB, 
are usually drawn at right angles to one another. Obviously 
these reference lines may be of an indefinite—any convenient—- 
length. At IJ is shown a vector O’E’ plotted in the 45-degree 
phase position—assuming counterclockwise rotation. Usually 
vectors, in phase diagrams, representing current values or values 


iB’ 
; K Of a Definite—----| Pye 
Vertical |B L ja Raceesaal 
Reference Axis---°? to Converse / 
Se _ Reference Lines or Axes Scale the Intensity | a “Vector 
Horizontal 3 C ”f (They may be of any of a Voltage or a t- 
Refererne / ' Convenient Length) Current : 
AxiS--. o \ ¥ 
SUSE aS 2 Sy ——— 
0) A A’ 0'| K 
| Ty 
1-Reference Lines or Axes I-Vector Plotted on Reference Lines 
Fie. 399.—Showing reference lines or axes for vector diagrams and the 
application. 


senting the energy e.m.f.—to be discussed later, Art. 744—are 
usually plotted on the horizontal axis. The vector OA in Fig. 


B) maximum or an effective value. 
| Vector, Plotted to Scale 722. Phase Diagrams ané 
| in Length to Represent ‘ E 
Reference Lines <--> ,acurrent of 80 Amp. Vector Diagrams are shown 
Be ee Sc ae ea the accompanying illustrations 
Ath al . 
A | lo 70 30 40 5 @ 10 80 A phase diagram* represents th 
magnitude and relative phas 
fw »?o9 0 positions of electric pressures 


Scale-Amperes (e.m.fs. or voltages) or currents. 
current of any Hated on eee Vector diagram represents the 
Ener tines magnitude of the pressures 

currents but may not represent 
their phase relations. A vector diagram is always a polygon and 
is often a triangle. Both phase and vector diagrams are com: 
posed of vectors which may (except where the vector is rotatin 
represent either effective or maximum values. As suggested 
above, rotating vectors can represent only maximum values. 
Since an effective value is always*equal to 0.707 times its maxi 


* 
Jackson's ALTERNATING Currents, 
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um value (Art. 697), the same vector (unless it is 2 rotating 
ctor), if the proper scale is assumed, may represent either an 
ective or a maximum value 


fae? 0 Unitgase ey es Oia eet | ei 
{- Phase Diagram 0 I-Vector Diagram A 


Fia. 401.—Phase and vector diagrams. 


EXAMPLES or Poasr AND Vector Diagrams. THE PRINCIPLE or Com- 
sIvT1on.—First consider the phase diagram of Fig. 401,J. If an alter- 
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Fia. 402.—Examples of phase and vector diagrams. 


ting e.m.f. of 5 volts be represented by OC, 5 units long, and another 
n.f. of 10 volts, of the same frequency but which lags 60 degrees behind 
e first, be represented by OA, 60 degrees away from OC and 10 units long, 
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then OB (which scales 13 units long) will represent their resultant or sum. 
In other words, the length of the line OB to scale is equal to the sum of the 
e.m.fs. of 5 volts and 10 volts which differ in phase by 60 degrees. The line 
OB is obtained by completing a parallelogram, having OC and OA for twe 
of its sides then the diagonal OB is the sum (vector sum) of OC and 0. 
The resultant e.m.f., 13 volts, will lag D degrees behind OC and will lead 
OA by E degrees. : 
The vector diagram, Fig. 401,/7, which is equivalent to the phase dia- 
gram of J, is obtained by drawing lines equal and parallel to those represent- 
ing the same values in the phase diagram. Note that in the vector diagram, 
the phase relations (angles) between O’B’ and D’A’ and between O/B’ snd 
O’C’ are correct and correspond to those in J. But to obtain the true angl 
(60 degrees) between O’C’ and O’A’, the angle F (in JZ) must be taken. The 
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Fig. 403.—Typical vector diagrams. 


lines OC, O’C’, OA and O’A’ are called components; OB and O’B’ are respect 
ively their resultants. 

In Fig. 402 are shown the phase and vector diagrams of the resistance 
and voltage conditions obtaining in the circuit and with the frequency indi 
cated.* These diagrams and their significance will be further explained i 
following matter. Some other typical vector diagrams, which will also b 
further treated subsequently, are shown in Fig. 403. The symbol ¢ is 
Greek letter pronounced phi; it is often used as a designation or “sho 
hand” expression to indicate a lag angle. While the diagrams of Figs. 401, 


402 and 403 show voltage values, similar diagrams may be plotted to repr 
sent current values. 
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e.m.fs. to ascertain their resultant e.m.f. or their sum as just de- 
scribed in the example under Art. 722. Any alternating e.m.f. 
of a given frequency may be “resolved” into two e.m.fs. of the 
same frequency which two e.m.fs. will differ in phase from one 
another by a selected phase angle. That is, the sum of the two 
e.m.fs. thus obtained will equal the resultant—or their combined 
—e.m.f. The process involved is similar to that used in me- 
chanics for resolving a force into two components and may be 
best explained by a specific example: 


Exampie.—Resolve an e.m.f. of 280 volts into two component e.m.fs. 
which differ in phase by 60 degrees so that one of these component e.m.fs. 
will be 180 volts. It is understood that the component and resultant e.m.fs. 
are of the same frequency. Soiution.—Draw to scale (Fig. 404) a line, 
OM, 180 units long at an angle of 60 degrees from a base line OP of indefinite 
length. This line OM represents the 


component e.m.f. of 180 volts. Draw Q 
aline MT, of indefinite length, parallel Baty 
to OP. With a compass, with O as a \ 


center and a radius 280 units long strike 
a part of a circle QR. From the point, 
VY, where the circle cuts MT, draw VN 
parallel to MO. Then NO, which scales 
about 150 units—or 150 volts long—is 
the other component. Hence, an e.mf. 
of 280 volts may be resolved into two 
component e.m.fs., differing in phase by 
60 degrees, of 180 volts and 150 volts 
respectively. That is, the resultant Via) 404. Tasteatianee uae 
sum of two e.m.fs. of 180 volts and 150 tion of an alternating e.m.f., OV, into 
volts which differ in phase by 60 degrees two components. 

is 280 volts. While the diagram of Fig. 

404 shows voltage values, similar diagrams may be plotted to represent 


current values. 

724, An Alternating E.m.f. May Be Resolved Into an Infinite 
Number of Pairs of Components because it is obvious that for 
every different value of lag angle between components, the com- 
ponents will be of different values. Furthermore, for every 
change in value of one of the components there will be a corre- 
sponding change in value of the other component. This situa- 
tion is illustrated in the following example, wherein e.m.f. values 
are resolved into components; current values may by similar 
methods, be resolved into components. 


ExaAmpie.—Consider Fig. 405 wherein the e.m.f. OE of 150 volts, shown 
at I, is resolved into component e.m.fs. of different values and differing in 
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phase by different angles. In the phase diagram of JJ the e.mf. of 1 
volts, OE, is resolved into two components, differing in phase by 90 degree: 

of 130 volts and 75 volts respectively; at JJJ is shown the correspaalll 
vector diagram. In IV the e.m_.f. of 150 volts is resolved into two compon 
e.m.fs. of 100 volts and 110 volts which also differ in phase by 90 degr 
the equivalent vector diagram is plotted at V. 


Fic. 405.—Examples of the resolution of an e.m.f., OE, into components. 


In VJ, the 150-volt e.m.f. has been resolved into two components of 1 
volts and 33 volts, which differ in phase by 60 degrees, and in VII the sa 
150-volt pressure is again resolved into two e.m.fs. differing in phase b 
60 degrees, but in this example they are 100 volts and 73 volts; the equival 


Fia. 406.—Illustrating the addition of sine graphs, 


vector diagram is shown in VIIJ. In IX an emf. of 195 volts has bee 


resolved into two components of 132 volts and 70 volts, respectively, whic 
differ in phase by 30 degrees. 


725. Sine Graphs Can Be Added and Subtracted.—See Fi 
406. If two sine graphs (A and B, Fig. 406) each of the corti 
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equency, but differing in phase are added together, a third sine 
raph (C) of the same frequency can be plotted which will repre- 
ent their sum. : 

ExampiLe.—To obtain graph C (Fig. 406) the heights of corresponding 
ints in A and B are added. Thus, DG = DE + DF, HJ = HI + HI, 
KN = KL + KM and PQ = QO — RQ. 

Similarly, sine graphs of the same frequency can be subtracted 
from one another, by subtracting heights of points in one curve 
rom the corresponding heights in another. 


Exampte.—Curve C = A+B, B=C-— AandA =C —B all from 


SECTION 45 


THE ADDITION AND SUBTRACTION OF ALTER- ' 
NATING-CURRENT VALUES 


726. The Addition and Subtraction of Alternating E.m.f. and 
Current Values can, where the values are represented by vectors, 
be readily effected by utilizing the principles of the composition 
(Art. 722) or resolution (Art. 723) which were briefly described 
hereinbefore. Where the e.m.f. or current values are represented — 
by sine curves the addition or subtraction of these values can be — 
made by utilizing the principles suggested for the addition and 
subtraction of sine curves previously outlined in Art. 725. Where 
the e.m.fs.—or currents—are to be added to or subtracted from 
other e.m.fs.—or currents—with which they are in phase (Art. 
685) the operation is, as will be shown, very simple in that it 
involves merely arithmetical addition or subtraction. But if 
the e.m.fs.—or currents—to be added are not in phase, then the 
process is somewhat more complicated. Where the values are 
not in phase, the addition or subtraction can most readily be 
made graphically by plotting suitable phase or vector diagrams. — 
Also, it is frequently desirable, for the purposes of explanation, to 
plot sine curves in conjunction with the vector or phase diagrams, 
which curves may represent the same values as those presented 
by the vectors 

727. Four Different Cases in the Addition and Subtraction 
of E.m.f. Values Will Be Considered in some detail in Arts. 728 
to 731. While these cases which will be recited refer specifically 
to e.m.f. values precisely the same principles and process would 
be employed in adding or subtracting alternating-current values. 
The sources of e.m.f. in each of these four examples will (Fig. 
407 and following illustrations) be represented by generators 
which are supposed to be rotating uniformly in a counterclock- _ 
wise direction and developing the effective e.m.fs. indicated. All 
of the generators are of the same frequency. While generators t 
are shown as sources in these examples, any other sources of © 
alternating current e.m.fs. could be used instead. Where the > 

512 
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enerators are in phase, Figs. 407 and 413, they are maintained 
phase by the link-belt connection. Where the generators are 
ot in phase, Figs. 410 and 416, the phase difference between 
hem is maintained by the link-belt-drive connection. 
728. The Method of Adding Two E.m.fs. Which Are in Phase 
ran be best demonstrated by the consideration of a specific 
xample. In this and in the examples which follow it is assumed 


Direction of 
Rotation. 


Link Belt «Ss 
‘Connection Cate 


G2 = 56.6 Volts 


G,= 10.7 —~~-Armature Winding on 
Volts Inductors* 


Fic. 407.—Two single-phase, alternating-current generators of the same fre- 
uency which are in phase connected in series so that their e.m.fs. augment or 
dd up. 


hat the conditions outlined in the preceding paragraph are 
atisfied : 


ExAmMpPLe.—What (Fig. 407) is the sum of an e.m. of 70.7 volts and one 
of 56.6 volts which are in phase? In other words, what e.mf. will the two 
yenerators of Fig. 407, which are in phase and connected in series so that 
their e.m.fs. augment, impress upon the line at L, and L2? Soiution.— 
Since these two e.m.fs. are in phase they may be added directly to obtain 
their sum, or resultant. That is: 70.7 volts + 56.6. volts = 127.3 volts, 
which is the e.m.f. impressed across Li 


and Lz as shown in Fig. 407. Agraphic |____Ei______s ! 
statement of this addition, wherein , me ae a 
ee ee 2 ——< ae 
vectors are used to represent the e.mf. IK ons Cen iron 
| 


values is shown in Fig. 408. From this 
tis evident that the length of the vector 
Ey, which is equivalent to 70.7 volts + ; 
she length of the vector H,, which is Fic. 408.—Diagram showing the 
- vector addition of two alternating 
squivalent to 56.6 volts = the length ¢ m fs. of 80 and 100 volts of the 
of the vector Ha. or 127.3 volts. Hence, same frequency and in phase. 
EF, is the vector representing the magni- 
ude, 127.3 volts, of the e.m.f. impressed across L; and L; in Fig. 407. 
Now refer to Fig. 409. At J the vector diagrams are repeated but in 
his illustration the lengths of the vectors are, as always must be the case 
vith rotating vectors, proportional to the maximum values of the e.m.fs. 
‘Maximum values may, Art. 697, be obtained by multiplying the corre- 
ponding effective values by 1.41.) Since all three of these e.m.fs., Him, 
Eom and Hym are in phase they lie directly over one another in the vector 
33 
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diagram. ‘The graphs of JI were plotted following the method hereinbef 
described in Art. 720. It is evident that the sine curve Ham is equal to th 


0 
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Fic. 409.—Rotating vectors and graphs showing addition of e.m.fs. of 80 and10! 
volts of the same frequency and in phase. 
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Fia. 410.—Two single-phase, alternating-current generators which are not “in 
phase” connected in series so that their e.m.fs. augment or ‘‘add up.’’ 
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Fia. 411.—Diagrams showing the vector addition of two alternating e.m.fs. 
80 and 100 volts of the same frequency but differing in phase by 60 degrees. 


sum (Art. 725) of the sine curves E imand Ey. For example the distan 
AD = DB + CDand FL = JL + KL. ; 
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729. The Method of Adding Two E.m.fs. Which Are Not in 
Phase will be explained by considering Figs. 410, 411 and 412 
jand by means of a specific example. 


| Exampie.—What is the sum of an e.mf. of 70.7 volts and one of 56.6 
volts which differ in phase by 60 degrees? In other words, what e.m.f. will 


2 

U-Rotating Vectors TOO WT TT AF LO UO 2TH BOT OF 

Fie. 412.—Rotating vectors and graphs showing addition of e.m.fs. of 80 and 
100 volts of the same frequency but differing in phase by 60 degrees. 


the generators G3 and G, of Fig. 410, which are connected in series so that 
their e.m.fs. augment, impress across the line L; and Ly? Sonution.— 
The phase diagram of Fig. 411,J shows a graphic solution of this problem, 
the vector sum of #; and EH, being E, which is equivalent to scale to 111 volts 


ry 


G5= 107 Volts 


Fie. 413.—Two single-phase, alternating-current generators of the same fre- 
quency, which are in phase, connected in series so that their e.m.fs. oppose or 
buck. 


(effective). At JJ in Fig. 411 is shown the equivalent vector diagram which, 
of course, gives the same results as does the phase diagram. In Fig. 412, 
ut III is shown the rotating phase diagram, the vectors being proportional 
n length to the maximum values and the corresponding quantities indicated 
m the phase diagram of Fig. 411,J. By using the method hereinbefore 
lescribed (Art. 722) the graph or sine-curve representation of IV (Fig. 412), 
orresponding to the vector representation of JJJ (Fig. 412), can be plotted. 
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By inspection it will be evident that the sine curve Eym. is equal to the 
sum (Art. 725) of the sine curves E3m. and H4m. For example, MP = 
NP + OP and QR = QS — QT. ‘ 
730. The Method of Obtaining Resultant of Two E.m.fs. 
Which Differ in Phase by 180° is illustrated in Figs. 413, 414 | 
and 415 and is demonstrated 


ie saree the following example: 

: eee bare nee = ExampLe.—The two generators 
ii a ode ae Fig. 413, which are developing, respe 
to---------=£ -----------> tively, pressures of 70.7 and 56.6 volts, 


; are connected in series, but, as shown, — 
Fia. 414.—Diagram showing the the connections are such that the e.mfs. 
vector subtraction of two alternating os = 
e.m.fs. of 56.6 and 70.7 volts of the OPpose or “buck” one another. Whai 
same frequency and in phase. is the resultant e.m.f.? That is, what 
pressure is impressed across Ls; and 

on the line? Sonutron.—The vector solution of the problem is shown in 
Fig. 414, from which it is obvious that if the vector 6, which is pro- 
portional in length to 56.6 volts, is subtracted from the vector Hs, which 
is proportional to 70.7 volts, the difference is represented by the vecto1 
E., proportional in length to 14.1. (These vectors may thus be sub- 
tracted from one another because the e.m.fs. which they represent are 
all in phase.) Therefore, the emf. across L; and Lg is, as suggested in 


Y-Rotating Vectors 


0° 30° 60° 90° 120° 150° |B0” 710° 240° 710° 300° 330° 360° 30° GO 
WoGraphs ° 


Fie. 415.—Rotating vectors and graphs showing subtraction of e.m.f. of 8€ 
from 100 volts, both e.m.fs. are of the same frequency and are in phase. 


Fig. 413, 14.1 volts. In Fig. 415,V the rotating vectors (which are, of 
course, proportional in length to the maximum value of the e.m.fs. involved) 
are shown. From this rotating vector diagram the sine curves shown 
Fig. 415,VI were plotted. A consideration of these curves will indic 
that the curve Z., which has a maximum value of 20 volts, is equal to the 
difference between (algebraic sum) the curves, E, maximum value 100 volts 
and Hy, maximum value 80 volts. 
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731. The Method of Obtaining the Difference of Two E.m.fs. 
ich Are Not in Phase is outlined in Figs. 416, 417 and 418. 


he conditions specified in Art. 727 also applies for this problem 
hich is solved below. 


67 = 707 Volts *~~~--Winding Inductors 


Fic. 416.—Two single-phase, alternating-current generators of the same fre- 


uency, which are not in phase connected in series so that their e.m.fs. oppose 
ch other. 


ExampLe.—What will be the e.m. impressed across the line L; and Ls 
y the two generators of Fig. 416. The generators are in series but they are 
connected, as shown, that the e.m.fs. which they are developing oppose 
e another and furthermore, differ in phase by 60 degrees. In other 
ords, what is the resultant e.m.f. produced by generators G; and Gs com- 


K------—-F, = |// Yolts---------~- Bo E2682 Vin- mani ferse ae 
Al 7 nae! 4| onnnaonk, 2p.annnane 1 
INN 5 RUNNY, ) f Ja 
Gs | G4 reales, B \ 1 Be 
kes= 701 ceg= 566v->1 HW | deoEuacay ok 
I-In Series gee Reversed 


Vv 
Vector 
Subtraction 


Kress pele RN (a aN¢ 
cae. Volts --------~ ~ -3 mS 
"Y-Phase Diagram 


--~--------566 Volts------- ---- + 
W-Vector Diagram 


Fie. 417.—Illustrating vector addition and subtraction. » 


ned, under the conditions outlined? SoLutton.—First consider the vector 
ution of the problem. When two e.m.fs. are in series so that they “boost” 
e another (Fig. 410 and 417,/), they can be added vectorially as shown 
the diagram at Fig. 417,J1I. But if one of the e.m4s. is reversed, for 
umple /'sin JJ, then the e.m.f. values must be subtracted from one another, 
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instead of added, to obtain their resultant. How this subtraction is effected 
vectorially is diagrammed in IV. Since the e.m.f. Es is reversed in diree- 
tion in II (Fig. 417) the vector respresenting it in the phase diagram must 
also be reversed in direction, as shown at OX. In other words, to perform 
the vector subtraction it must be plotted in the position OY. Then the 
vector OW is proportional in length to the difference between the emf 4 
-E; and Es, reversed which differ in phase by 60 degrees. That is, th 
actual difference in phase between E; and Hs is 120 degrees, as shown in — 
IV*. V (Fig. 417) is merely an enlarged phase diagram of IV and VI_ 
shows the corresponding vector diagram. Hence, it is apparent from thes 
diagrams, if the length of Ea is measured, that the effective emf. E. 
across L7 and Ls, is 68.2 volts. 


Fig. 418.—Rotating vectors and graphs showing subtraction of e.m.fs. of 8 
from 100 volts which differ in phase by 60 deg. Both e.m.fs. are of the sam 
frequency. 


In Fig. 418 are shown the rotating vectors—maximum values 
corresponding to the effective-value vectors of Fig. 417,V. I 
the graph of VIII is shown the sine curves which may be plotte 
from these rotating vectors. Curve R, represents the variatio 
of the em.f. OX (Fig. 417,JV). It will be noted that curve 
Ea = curve E; + curve Es and it is also evident that curve Ea 
curve Hs — curve R;. This demonstrates the truth of the fac 
that the vector R,, leading H's by 60 degrees, is equivalent to th 
vector H; which lags behind E's by 120 degrees, as diagramme 
in Fig. 417,JV and in Fig. 418,V JJ. 


*If the e.m.fs. in the two coils differ in phase by a certain number of degrees and one 
these coils is reversed, then, after the reversal the difference in phase between the t 
e.m.fs. will be 180 degrees minus the former phase difference in degrees. Thatis, in Fig. 41 
the difference in phase between the e.m.fs. of the two coils is, because of the conditions 
the problem, 60 degrees. Then, if one of the coils is reversed, as shown at II, the differen 
in phase between the e.m.fs. of the two coils is: 180 degrees — 60 degrees = 120 degrees. 


SECTION 46 


EFFECTS OF RESISTANCE AND INDUCTANCE IN ALTER- 
NATING-CURRENT CIRCUITS 


| 732. The Effect of Resistance in Alternating-current Circuits 
which contain resistance only, that is, which contain no induc- 
tance (Art. 471) or permittance (capacitance, Art. 753), is the 
same as its effect in direct-current circuits. Resistance in-alter- 
nating-current circuits limits the current therein and causes a 
loss or drop in voltage just as it does in direct-current circuits 
(Art. 124). With a given alternating e.m.f. impressed on a cir- 
cuit, the current in it will vary inversely as its resistance. In 
an alternating-current circuit containing resistance only, the cur- 
rent is in phase with the impressed e.m.f. It follows that Ohm’s 
law (Art. 134) is, without qualification, true for alternating-cur- 
rent circuits containing resistance only. Thus: 


(175) ip (amp.) 
and 

(176) B,=I:XR (volts) 
or 

(177) ee 7 (uous 


Wherein J; = effective current in the circuit, in amperes. Ey = 
the effective e.m.f. or voltage impressed across the circuit, in 
volts. & = the resistance of the circuit, in ohms. 


Exampie.—What current will flow in the alternating-current circuit 
of Fig. 419 which contains resistance only. The impressed pressure (effect- 
ve voltage) as indicated by the voltmeter is 110 volts, the resistance of 
ach lead is 0.70 ohm and the resistance of the incandescent lamp is 200 ohms. 
The frequency of the current may be anything. Sonurion.—Substitute 
n the Ohm’s law formula (175): Iz = Ey + R = 110 + (0.7 +0.7 + 
100) = 110 + 201.4 = 0.55 amp. 

ExampLe.—What voltage must the alternating-current generator (it 
nay develop any frequency) of Fig. 420, develop to impel a current of 
amp. (effective) in the circuit shown which, it is assumed, has a total re- 
istance of 50 ohms.? Sonutron.—Substitute in Equation (176) above. 
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Thus: Ez = Iz X R = 2 X 50 = 100 volis. Hence to circulate the curr 
of 2 amp. (effective) the generator should produce 100 volts (effectiv 
across its terminals A and B. 


733. There Is a Loss of Power When an Alternating Curre 
Flows Through Resistance just as there is when a direct curre: 
flows through resistance. The power loss, in watts, in any con-— 
ductor, conveying either an alternating or a direct current, a. 
ways equals the square of the current in amperes (effective curr 


Incandescent Lamp 
R= 200 Ohms >~. 


~Ammeter 
Read's 0.55 Amp. 


“Voltmeter 
Reals 1/0 Volts 


> [ Alternating- Current Generator -Any Frequency F, 
| eats oversee teennene nee Q] Ohm -------- 2-2 nnn enn F 


Fic. 419.—Ilustrating the effect of resistance in an alternating-current circui 


in alternating-current circuits) multiplied by the resistance of th 
conductor in ohms. This rule is perfectly general and applies 
alternating currents of all ordinary voltages and frequencies eve 


Noltmeter 


Resistance 


=50 Ohms 
Inductance of 0/3¥. 
Henry ( Counter EME 
I-Resistance in A.C. Circuit of Self Inatxtion is 100 Volts) 


T- Inductive Reactance in A.C. Circuit 


Fig. 420.—Examples of resistance and inductive reactance in alternating-curre 
circuits. 


if they contain inductance (Art. 471) or permittance (capacitance 
Art. 753). There is no power loss in inductance or permittanc 
The electrical power thus lost reappears as heat and raises th 
temperature of the conductor. Expressed as a formula: 


(178) P=I:XR (watt 


or 

(179) Tos NS sy 
or : 

(180) Rese! (ohm 
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herein P = power lost in the conductor, in watts. Iz = effect- 
ive current, in amperes, in the conductor. R = resistance of 
the conductor,-in ohms. Note that the above formulas are 
identical with those of Art. 167 for direct current, except that 


n this alternating-current formula, the current, Iz, is the effect- 
ive current. 


Exampitu.—What is the power loss in the incandescent lamp in Fig. 
19? Sorution.—The lamp, as shown in the picture, has a resistance of 
00 ohms and the current through it is 0.55 amp. Then, substituting 

equation (178): P = I?z X R = (0.55 X 0.55) X 200 = 60.5 watts. In 
ther words, the lamp is a 6014-watt lamp. 

Exampie.—What is the power loss in the inductive winding of Fig. 421 
hen an alternating current of 5 amp. flows in it? The winding has a 
esistance of 10 ohms. Soxutron.—Substitute in equation (179): P = 
"2h = (5 X 5) X 10 = 250 watts. With a current of 5 amp., the power 
oss in the winding would be 250 watts regardless of the frequency and 
egardless of the fact that it is an “‘inductive”’ winding. 


734, In Alternating-current Cir- 
uits, Containing Resistance Only, 
e Current Is in Phase with the. 
mpressed Voltage as shown in 
ig. 422,712. That is, in such 
ircuits, the current attains its 
rest or maximum values at the 


ame instants as those at which 

he impressed e.m.f. (which circu- i 
* : : Fie. 421.—Illustrating power loss in 

ates the current in the circuit) an indugtigety i tae 

eaches its crest or maximum 

alues; see definition of “In Phase” in’ Art. 685. 


ExampLe.—Fig. 422,J shows the diagram of an alternating-current cir- 
ait containing resistance only. The alternating e.m.f. (effective) impressed 
n the circuit, is as indicated by the voltmeter, 100 volts. The resistance of 
1e circuit is 2 ohms. Then, since the circuit contains resistance only, by 
hm’s law the effective alternating current in the circuit is: Iz = Ez + 
= 100 + 2 = 50 amp. The phase diagram given at II shows the phase 
lation of this e.m.f. and the current which it propagates. They are in 
1ase with each other. 

The light line CB, the impressed - e.m.f. vector, is made 141 units long 
‘represent a maximum of 141 volts, which is the maximum corresponding 

an effective e.m.f. of 100 volts (Art. 697). The heavy black line C/A is 
ade 70.5 units long to represent 70.5 amp. which is the maximum current 
rresponding to an effective current of 50 amp. (Art. 697). At III the 
aphs of the e.m.f. and current are’ plotted and they indicate that the 
n.f. and current are in phase as defined in Art. 685. 


_- Inductive Winding 
Resistance /s 
Ohms ~. 


-—-/ron Core 
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735. The Effects of Inductance in Alternating-current Cir- 
cuits are, in general, much more noticeable than those which 
it produces in direct-current circuits. Why this is the case will 
be explained. In 471 and following articles (which should 
carefully reviewed) the phenomenon of inductance was d 
cussed. It was there shown that whenever the current, in a_ 
circuit having inductance, changes in intensity, a counter e.mf. 
of self-induction (Art. 479) is induced in the circuit. With direct 
currents, the effects of inductance are most noticeable: (a) jusl 
after a circuit is closed and a current is forced to circulate in it; 


«-Volt meter 
Read's 100 Volts 


Hy d 
“Alternating-Current ——— 


Generator I- Circuit 
90° 


270° Direction of* 
Vector Rotation Maximum EMF =l4lV. Maximum Current=705Amp. 
I-Phase Diagram EffectiveE MF =100V. Effective Current = 500Amp. 


Fira. 422.—Example of an alternating-current circuit containing resistance 
ohms) only. 


(b) when a circuit having a current flowing in it is opened; 
(c) when, for any other reason, there is a change in the intensit; 
of the current in the circuit. Inductive effects are, then, due t 
changes in current intensity. 


Norr.—Now alternating currents reverse in direction at regular interva 
(Art. 113) and are constantly changing in intensity, see Fig. 422. Ther 
fore, since in these circuits the current is constantly changing in intensity} 
the result is that a counter e.m.f. of self-induction is, if they contain indu 
tance, being generated constantly—all the time—in them when current 
flowing. The counter e.m.f. of self-induction is always in such a directi 
as to oppose any change in the intensity of the then existing curre 
(Art. 435). This counter e.m.f. of self-induction varies in intensity ju: 
as does any alternating e.m.f. but it is not in phase with the e.m.f. or curre 
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which produces it, as will be shown. Its variation with the time follows a 
sine-wave form—if the current which induces it has a sine-wave form. 

In order to predetermine the intensity of the current—the number of 
amperes—which will flow in an actual alternating-current circuit contain- 
ing inductance, it is first necessary to—either directly or indirectly—com- 
pute the value of the counter e.mf. of self-induction of the circuit and then 
subtract it (as will be outlined in Art. 746) from the impressed e.m.f. which 
it opposes. The difference, the e.m.f. which really circulates the current in 
the circuit, may be called the available or energy e.m.f. (The terms “net,” 
“active,” ‘“impelling” or “actuating” e.m.f. are all used synonymously 
with available or energy emf. However, in the text which follows, 
available or energy e.m.f. will be used to designate the difference between the 
impressed e.m.f. and the counter e.mf. of self-induction.) In practice 
this subtraction is most readily effected by introducing a new quantity 
which is called reactance which will be treated in following Art. 747. Note 
that in ideal circuits which contain only inductance or permittance or both 
but which contain no resistance, there is no available or energy e.m.f. 
But, for reasons which will be discussed elsewhere, an applied alternating 
e.m.f. would, nevertheless, propagate an alternating current in such a cir- 
cuit—if such a circuit could exist. However, it is obvious that there can 
not be an electric circuit which does not have some resistance. 


736. The Counter E.m.f. of Self-induction Always Lags 
Degrees Behind the Current, that is, the effect of inductance 
s 90 degrees behind, or at right angles to, the current. This 
is stated here merely as a fact; why it is true will (Art. 740) 
be shown later. 

737. To Compute the Counter E.m.f. of Self-induction in an 
Alternating-current Circuit—or in any circuit for that matter— 
he inductance of the circuit, L, is multiplied by the rate of change 
f current in the circuit, Art. 490. If the inductance, L, is ex- 
essed in henrys and multiplied by the average rate of change 
n current, the change of current per second in the circuit, the 
esult will be the average counter e.m.f., in volts, induced in the 
ircuit during that second; this follows from the definition of 
he henry, Art. 472. Now an alternating: current is continually 
hanging in intensity; hence it is continually—if there be in- 
uctance in the circuit—inducing a counter e.m.f. However, 
| dealing with alternating-current circuits, it is not the average 
yuunter e.m.f. which is of interest but it is the effective (Art. 
J1) counter e.m.f. It can be shown (see proof in the following 
te) that the effective rate of change of a sine-wave-form alternat- 
g current—that is the rate of change in the effective current 
r second equals: 6.28 Xf XJ. Hence: 


81) Hy. = 6.28 X*fXLxKI (volts) 
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and e ;, 
(182) = SOB XL XI (cycles per sedge 
and é aN 
183 L= eats tneart 
(183) 6.28xfXI 
and 
184 LS dele (amp.) | 
Cee 6.28 xf XL 


Wherein E, = the counter e.m.f. (effective) of self-induction, 
in volts. f = frequency of the current, in cycles per second. | 
L = inductance of the circuit or conductor, in henrys. J = 
current (effective) in the circuit or conductor, in amperes. 


Nore.—The symbol x (a Greek letter pronounced nie’) has been 
versally adopted to stand for the number “3.1416.” Now, 2 X 3.1416 


A.C. Generator Inductance = 
f = 60 Cycles Q.2 Henry---- 


NEY 


of | KOA | 

0 0 

150° aye 4? aye > s39 
Time 


(133 Amp. 


reer 
see 


1,25 
\ 
BAO te “5 


Fic. 423.—Inductive winding in an Fic. 424.—Tllustrating “rate 
alternating-current circuit. change’’ of an alternating current. 


6.28. Hence the above formula may also be written: EH, = 2 X77 X i> 
L X I, which is the form very frequently adopted in text books. 

EXxAMPLE.—What counter e.mf. is generated in the coil of Fig. 423, 
which has an inductance of 0.2 henry, when an effective alternating curren! 
of 1.33 amp. flows in it, at a frequency of 60 cycles per sec.? SOLUTION. 
Substitute in the above formula (181): E, = 6.28 Xf XL XI = 6.28 % 
60 X 0.2 X 1.33 = 100 volts (almost). This means that the generatol 
must impress 100 volts (effective) across the terminals of the coil to circulate 
a current of 1.33 amp. through the coil. It also means that when a current 
of 1.33 amp. at 60 cycles flows in the coil the counter e.m.f. of self-induction 
developed in the coil is 100 volts. 

Nore.—Proor Tuar 6.28 Xf X J = Errecrive Rate or CHANGE OF 
A SINE-WAVE-FoRM ALTERNATING CurRRENT.—Consider the rate of changg 
of current in an alternating-current circuit. Refer, for example, to Fig. 
424 which shows the graph of a sine-wave-form alternating current having & 
crest or maximum value of 1 amp. Note that during 1 cycle (OABCD) 
the current: (1) increases, OA, from 0 amp. to 1 amp., in the positive diree- 
tion; (2) decreases, AB, from 1 amp. to 0 amp., in the positive direction; 


! 
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(3) increases, BC, from 0 amp. to 1 amp., in the negative direction; and (4) 
| decreases, CD, from 1 amp. to 0 amp., in the negative direction. Note then 

that the alternating current graphed in Fig. 424 changes 1 amp. four times 
| per cycle twice from 0 amp. to 1 amp. and twice from 1 amp. to 0 amp. 

It follows that any alternating current changes four times per cycle be- 
tween zero intensity and maximum intensity; twice from maximum to zero 
and twice from zero to maximum. Let the symbol Jy stand for maximum 
current. Then the change of current per cycle = 4 X Ty. 

Now, average rate of change of current = change in amperes + seconds. 
With an alternating current: frequency or f = cycles per second. Hence 


the time in seconds, required for the completion of 1 cycle = 1 + f = LS 


(For example, with a 60-cycle current 60 sec. is required for the completion 
of 1 cycle, Fig. 70.) The time, in seconds, required for each of the form 
changes from zero intensity to maximum intensity in a cycle is, obviously, 


one-fourth the time required for the completion of an entire cycle. There- 
i| 
4xf 
That is, the current changes from 0 amp. to I amp.in 1/(4 X f) sec. 
The average rate of change of current as defined in the preceding para- 
graph—the change of current per second—must be: the change in current 
in amperes divided by the time in seconds elapsing while the change transpires; 


fore, the time required for one of the changes is: yx = = sec. 


that is: (184C) average rate of change of current = Iy + (5) =4X 


Gal x. 

Now in practical work we deal with effective currents (Art. 691) rather 
than with maximum currents and hence Jy should be converted into its 
equivalent effective value. From equation (162): Iy = 1.41 x Tz, or to 
be more exact: 

(185) Iu = 1.4142 X Iz 

Then substituting (2) in (1): 

(186) Average rate of change of current = 4 X f X (1.4142 X Iz) (187) 
Or average rate of change of current = 5.6568 X f X Iz. 

If then this expression: 5.6568 < f X Iz, which represents the average 
rate of change of current per second, were multiplied by the inductance, 
L, in henrys, of an alternating-current circuit, the product (Art. 490) would 
be the average (Art. 690) counter e.m.f. in volts, induced in the circuit. But 
we are usually interested in and deal with effective (Art. 691) counter e.m.fs. 
not average e.m.fs. Hence, the formula (187) will now be so modified that 
it will give the effective rate of change of current. In equation (171) it 
was shown that: Average values = 0.90 X effective values. Hence: 


(188) Average rate of change of current = 0.90 X effective rate of change of 
current. 


Now substituting the expression of (188) in (187): 
(189) 0.90 X effective rate of change of current = 5.6568 X f X Iz 


Then simplifying: 5.65 iT 
190) Effective rate of change of current = ed 
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(191) or Effective rate of change of current = 6.28 X f X Iz 
Nors.—Power is not, as will be shown (Art. 784), expended in over-_ 
coming a counter e.m.f. of self induction. If there is resistance in the cir-_ 
cuit—and there always is some, though in many cases very little—power 
is expended in forcing the current to circulate through the resistance. ; 
738: The Method of Computing the Counter E.m.f. of Self-_ 
induction of Any Coil in an Alternating-current Circuit follows 
from the principles just outlined. From Art. 492, formula (111), 
the inductance of any coil, Li = ¢2 X N + 108, wherein ¢2 = 
the flux produced by the coil per ampere of current flowing in it — 
and N = number of turns in the coil. Then if this quantity, 
which represents the inductance of the coil, be multiplied by the 
average rate of change of current—the change in, current per — 
second—the product will be the average counter e.m.f. of self-_ 
induction induced (Art. 737). It has been shown (equation 
184A) that the average rate of change of a sine-wave-form alternat-__ 
ing current = 4 Xf X Iv. Hence if Eca be taken to represent 
the average counter e.m.f. induced by the coil and performing 
the multiplication just suggested: | 


a ae 4XfxXIuX ¢aXN , 
10° 100,000,000 


But, obviously, maximum amp. X flux per amp. = maximum 
flux, that is: 


(192) Eo =4XfX In X( 


(193) Ivy x Pa a Ou 

Then substituting ¢a for “In X ¢.’”’ in equation (192): 
4XfX ou X N 

194 = : 

194) Boa 100,000,000 


But equation (171) Average Value = 0.90 X Effective Value, 
hence: 


(195) Eica — 0.90 x Hox 
Then substituting (195) in (194): 
4 Xf Xou X N 


196 = 
(196) 0.90 X Ece 100,000,000 
4XfX ouXN 

197 = 

(197) Hee = 090 x 100,000,000 
444 Xf X ou XN 

198 = rr 

(198) Bes 100,000,000 


Wherein Ecz = volts, effective, counter e.m.f. induced in an: 
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coil by a sine-wave-form alternating current. f = frequency of 
the circuit in cycles per second. ¢y = maximum total flux or 
lines of force produced by the coil. N = number of turns in 
the coil. 

ExampLe.—A certain coil has 50 turns. With a 60-cycle alternating 
current of such value flowing through it that a flux of 300,000 lines maximum 


is developed, what is the counter e.m.f. then induced in the coil? SoLutron. 
—Substitute the above formula (198): 


Erop = 444 Xf X bu XN _ 4.44 X 60 X 300,000 X 50 
ee 100,000,000 S 100,000,000 


Hence the induced counter e.m.f, is 39.9 volts (effective). 


= 39.9 volts. 


The Above Equation is Very Important, that is equation (198), 
inasmuch as it is utilized repeatedly in the design of alternating- 
current generators, transformers and motors. 

739. To Compute the Counter E.m.f. of a Coil in an Alternating- 
current Circuit on the Basis of the Area of the Core of the Coil 
and the Flux Density, it is merely necessary to modify equation 
(198) accordingly, as will be shown. In an alternating-current 
magnetic circuit it is, obviously, the flux density at the instants 
when the current is a maximum, that is By, which should deter- 
mine the area of the magnetic circuit. If the magnetic circuit 
has sufficient area to effectively carry the flux due to the maxi- 
mum instantaneous current it will, plainly, carry the flux due to 
currents less than the maximum. Now (Art. 246): ¢ = Ax 
B, hence it is obvious that dy = A X By. Then substituting 
this value for ¢y in equation (198), the following working for- 
mula is obtained: 

444XfxXAXBuxwN 
ay Hex = ~~~ 190,000,000 


(volts) 


Wherein all symbols have the same meanings as under equation 
(198) except that (Art. 246): A = cross-sectional area of core, 
in square inches = area—where an iron core is used—of cross- 
section of iron in the core on which the coil is wound. By = 
maximum flux density, in lines per square inch, that is, the flux 
lensity at the instants when the current in the coil is at, its maxi- 
num instantaneous values. In design, By is usually taken at 
ome value below the saturation point, Art. 259. 

Exampie.—lIf an iron core similar to that of Fig. 425, except having an 


rea of 15¢ sq. in., is wound with 700 turns of wire, what will be the effect- 
ve counter e.m.f. which it develops ina 40-cycle circuit, assuming that the 
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7 


From formula (199): . 
4.44 Xf XAXBu XN _ 4.44 xX 40 X 1.625 X 70,000 X 700 © 
i 100,000,000 7s 100,000,000 x = 


: : } 
current through it is such that Bay = 70,000 lines per sq. In. a a 


= 141 volts 


Therefore, the counter e.m.f. developed under the above conditions (and 
assuming that there is no magnetic 
leakage) is 141 volts. 

Exampie.—lt is desired to wind a 
coil on the laminated iron core of Fig. 
425 which will develop a counter 
e.m.f. of 100 volts when connected 
in multiple on a 60-cycle circuit. Per- 
missible maximum flux density is 
taken as 30,000 lines per sq. in. 
How many turns (assuming no mag- 
netic leakage) will be required on the 
coil to produce thisresult? SonuTion. 
—Core is 2 in. X 2 in., hence area = 4. sq. in. Solving equation (199) 
for N: : 

N= 100,000,000 X Ecz 100,000,000 x 100 


VA da ef XA XB 244 < 60 X 4.20000 ee 


Hence 3138 or, say, 310 turns are necessary. 


Insulation ~ Insulated 


Laminated? 
lron Core 


Fie. 425.—Laminated iron core with 
insulated-wire winding. 
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Fia, 426.—Graphs of current and impressed and counter e.m.fs. in an alter: 
nating-current circuit containing inductance only. (Actually there cannot be 4 
circuit which does not have some resistance.) 

. 


740. Phase Relations of Current and the Counter E.m.f. Due 
to Inductance are shown in Fig. 426. The counter e.m.f. of self- 
induction in an alternating-current circuit is never in phase with 
the current which produces it. Nor is it in phase with the e.m.f. 
impressed on the circuit by the generator or other source. As 
has been previously stated (Art. 736) and as now will be shown, the 
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counter e.m.f. of self-induction always lags 90 degrees behind the 
current. ‘The reason for this 90-degree lag—which represents a 
certain definite interval of time—is given in the following 
explanation. 


ExpLanation.—The intensity of an e.m.f.—or a counter e.m.f. —induced 
| in any conductor is determined by the rate at which the conductor cuts 
or is cut by flux (Art. 438). The greater the rate of cutting, the greater 
the induced voltage. The slower the rate, the lower the induced voltage. 
| The counter e.m-f. of self-induction in any alternating-current circuit is 

induced by virtue of the movement of concentric lines of force (Art. 465) 
which emanate from the center of the conductor. These circular flux lines 
in expanding outward, as the current increases, or in contracting inward, as 
the current decreases (as the alternating current varies in intensity or 
changes in direction), cut the conductor (see Figs. 227 to 230) or the turns 
of the coil into which the conductor may be formed. 

Obviously, the speed of travel and speed of cutting of these lines is pro- 
portional to the rate of change of 
current. It isevident from the values 
shown in Fig. 427 that with an alter- 
nating current the rate of change of 
current is constantly changing. Dur- 
ing the time an alternating current is 
passing through its zero value its rate } 
of change is greatest. For example, 7 MG PEGE LTO Se 
during the 10-degree period AB, the f Form Alternating Cucrent=” 
current graphed in Fig. 427 has 
Ppanced a bit 2 epensity by Maximum Value of Current =100 Amp 
Ge BBD ae ne Gee nO perce Fie. 427.—Showing how the rate of 
period CD, the rate of change is change of current varies at different 
slower, viz. an increase of only 14.3. times in a cycle. 
amp. At about the time the current 
is passing through its maximum value, the rate of change is very slow in- 
deed; during the 10-degree period HF the decrease shown in the illustra- 
tion is only 0.004 amp. 

It can be shown that there is an instant, when the current is just at its 
maximum value, H (Fig. 427), during which the rate of change of current 
intensity is zero. Therefore, since the intensity of a counter e.m.f. at any 
instant is determined by the rate of change of current at that instant, the 
counter e.m.f. of self-induction induced in an alternating-current circuit 
will be zero when the current is passing through its maximum value. The 
graphs of Fig. 426 illustrate this condition. When the current is a maximum 
at Im, the counter e.m.f. is zero at X. 

The rate of change of an alternating current is greatest when the current 
is passing through its zero value. Therefore, the counter e.m.f. of self-in- 
duction is a maximum when the current to which it is due is a minimum. 
In Fig. 426 at the instant when the current is zero, at N, the counter e.m_f. 
of self-induction is a maximum, at Y. 

Since any induced counter e.m.f. is always in such a direction as to 
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120° 150° 180° 210° 
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oppose any change in the current producing it (Art. 435), the curve of the 
counter e.m.f. must be in the relation to the curve of current that is shown 


counter e.m.f. is increasing. 

The counter e.m.f. of self-induction will lag behind the current by 
degrees, which means that the counter e.m.f. will reach its maximum inten, 
sities in each cycle, a certain interval of time (represented by 90 degrees 
see example under Art. 528) later than the current reaches its maximum 
intensity. 

741. The Current in an Alternating-current Circuit Contain- 
ing Only Inductance and Resistance, Always Lags Behind the 
E.m.f. Impressed by the Generator.—The amount of lag is 
proportional to the amount of inductance (or inductive reactance, 
Art. 747) in the circuit. If there is no inductance in the circuit, 
then there is no lag and the current — 


= a : will be in phase with the impressed — 
ties e438: .! e.m.f. as shown in Fig. 422. In a 
og ae ti ie ‘| circuit consisting wholly of inductive 
f hie “ . op Sector. ‘y reactance—such a circuit is, however, — 


a physical impossibility—the current — 
; | would lag exactly 90 degrees behind 
‘/// the impressed e.m.f. as shown in Fig. 
ic? 426. With varying proportions of in- 
ductive reactance and resistance, the 
Sicha“ 4” current—as will be shown later—will 
~ towel exe" "ag by some amount between 90 and _ 
eS ee ee Oderrees, behind the impressed e.m.f. _ 

With little inductance in the circuit 
there will be but little lag; with much inductance the lag may be 
almost 90 degrees. 

742, Skin Effect is the name of that effect, in alternating 
current conductors, whereby the current density (Art. 123a) 
at their surfaces is greater than that along their axes. It amounts 
to a virtual increase in their resistances. 


EXPLANATION.—It has been shown that (see Fig. 227) current in a con 
ductor sets up a field of circular lines of force about itself. This field is 
represented in Fig. 428. With an alternating current, at the instant when 
the current is zere there is no field and, as the current increases during an 
alternation, the field of concentric circular lines forms and expands out-— 
wardly, like smoke rings from a locomotive stack, from the center of the 
conductor, When the current decreases to zero, during an alternation, — 
the lines return to the center of the conductor and vanish. These circular 
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lines of force, in expanding and returning, cut the conductor and produce 
self-induction and skin effect. More lines cut the metal at the axis of 
the conductor than cut the metal near its surface. 

In Fig. 428, wherein a field is shown at its maximum value, all of the 
lines, represented by C, have cut the axis while only those represented by 
B have cut the surface. The lines represented by A do not, and can not, 
cut the surface. The result is that there is a greater counter e.m.f. of 
self-induction at the center of the conductor than at its surface. This 
tends to force most of the current toward the surface. With large con- 
ductors and high frequencies there is practically no current at the axis of 
the conductor. Most of the current is carried near the surface. A central 
core of some non-conducting material is often used in large stranded con- 
ductors so that the copper in-the conductor will be worked at a good 
efficiency. 

While the self-induction of a conductor, which causes voltage drop, and 
the skin effect in the conductor both originate from the same magnetic field, 
they are not otherwise related. They are two distinct effects and should 
always be considered separately. With small conductors, at commercial 
frequencies, the skin effect is negligible. Inasmuch as, because of skin 
effect, all of the sectional area of a large alternating-current conductor can 
not be effectively utilized, the result of skin effect amounts to an increase 
in the resistance of a conductor—since it increases the voltage drop and 
energy loss. Skin effect is considered as an increase in resistance. The 
following tables give constants by which the actual resistances of conductors 
must be multiplied to obtain their virtual resistances to alternating cur- 
rents. The counter e.m.f. of self-induction of a conductor requires no energy 
to overcome it (see 784) but energy is required to “overcome” the virtual 
increase of resistance due to skin effect. 
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743. Skin Effect Factors at 20 Deg. C. for Straight Criinta 
Conductors.—Values by means of which the skin effect, of roune 
conductors of copper, aluminum, iron or steel, can be obtained | 


for any frequency (STANDARD HANDBOOK). 
Skin-effect factor | Product of Skin-effect factor 5 


Product of : : 
circular mils | circular = 
‘persecond | Copper | Aluminium || per'second | Tron ee 
5,000,000 1.000 1.000 || ~ 500,000 | 1.000 1.000 — 
10,000,000 | 1.003 1.001 1,000,000 | 1.000 1.000 
20,000,000 | 1.011 1.004 || 2,000,000 | 1.057 1.000 
| : 
30,000,000 | 1.025 | 1.009 3,000,000 | 1.215 1.000 
40,000,000 | 1.044 1.017 | 4,000,000 | 1.485 1.001 
50,000,000 | 1.068 1.027 || 5,000,000 | 1.520 1.0015 — 
60,000,000 | 1.095 1.038 | 6,000,000 | 1.640 1.002 
70,000,000 | 1.125 1.052 || 7,000,000] 1.750 1.003 
80,000,000 | 1.156 1.067 || 8,000,000 | 1.850 1.004 
90,000,000 | 1.188 1.077 | 9,000,000 | 1.950 1.005 
100,000,000 | 1.222 1.101 | 10,000,000 | 2.040 1.006 ' 
125,000,000 | 1.340 1.148 || 12,500,000 | 2.250 1.009 
i 
150,000,000 | 1.440 1.200 | 15,000,000 | 2.440 1.013 
175,000,000 | 1.530 1.260 | 17,500,000 | 2.620 1.018 
200,000,000 | 1.620 1.330 || 20,000,000 | 2.780 1.023 
250,000,000 | 1.780 1.460 25,000,000 | 3.080 1.036 
300,000,000 | 1.920 1.570 || 30,000,000 | 3.340 1.051 
350,000,000 | 2.060 1.680 35,000,000 | 3.600 1.069 
400,000,000 | 2.180 1.770 40,000,000 | 3.820 1.088 
450,000,000 | 2.300 1.870 || 45,000,000 | 4.040 1.107 
500,000,000 | 2.410 1.950 50,000,000 | 4.240 1.131 
550,000,000 | 2.520 2.040 55,000,000 | 4.440 1.155 
600,000,000 | 2.620 2.110 60,000,000 | 4.620 1.177 


Exampie.—What is the skin-effect factor with a frequency of 60 cycles — 
for a round iron conductor of 500,000 cir. mil area? Soturton.—(cireular 
mils) X (cycles per second) = 500,000 X 60 = 30,000,000. The factor cor-_ 
responding to 30,000,000 for an iron conductor in the above table is 3.34 


The conductor would have an apparent resistance for a 60-cycle current — 
3.34 times as great as for a direct-current. 
‘ 


SECTION 47 


WHAT REACTANCE AND IMPEDANCE REALLY MEAN 


_ 744. Ohm’s Law Really Applies to All Alternating-current 
Circuits as well as to all actual direct-current circuits. But the 
method of its application to some alternating-current circuits 
involves a somewhat tedious, though not complicated process. 
First it will be shown, in a general way, why this is true; then a 
numerical example illustrating the truth will be recited: 

With a direct-current circuit (Art. 134): J = E + R, where I 
= current in amperes, H = e.m.f., in volts, which impels J in 
the circuit and & = resistance, in ohms, of the circuit. Note 
particularly that E = e.m.f. in volts which impels I; this E is not 
necessarily the e.m.f. or voltage impressed on the direct-current 
circuit. If there is a source of counter e.m.f. in the circuit, the 
voltage H which impels the current will be: Impressed Voltage 
minus Counter Voltage. That is, where there is a counter e.m.f. 
in the circuit, the available, net or active voltage is something 
less than the impressed voltage. The available voltage which 
actually forces current through a direct-current motor armature, 
which is turning, is the voltage impressed on the motor minus 
the counter e.m.f. induced in the motor armature due to its 
rotation. Excluding motor circuits, in many—in fact probably 
in a majority—of direct-current circuits there is no source of 
counter voltage; hence for many (but not for all) direct-current 
circuits, the current equals the e.m.f. impressed on the circuit 
divided by the resistance of the circuit because, in these cases 
where there is no counter e.m.f., the available or energy e.m.f. 
must necessarily be the impressed e.m.f. 

Precisely the same general situation obtains in regard to the 
application of Ohm’s law with alternating- as with direct- 
current circuits. The current in an alternating-current circuit 
equals the available (active or energy) e.m.f. divided by the 
resistance of the circuit. And to determine the available e.m.f. 
in any circuit, any counter e.m.f. developed in the circuit must be 
subtracted from the e.m.f. impressed on the circuit—just as with 
direct-current circuits. 
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It was shown in Art. 732 that the current in an alternating- 
current circuit containing resistance only is equal to the e.m.f. 
impressed on the circuit divided by the resistance. The reason 
why this rule is a true one is that no counter e.m.f. is develo 
in an alternating-current circuit containing only resistan 
Hence, in such a circuit the impressed e.m.f. is the available or 
energy e.m.f. But if there is permittance (capacitance) or in. 
ductance in an alternating-current circuit, each when curren 
flows, exerts a counter e.m.f. (Arts. 735 and 753), which opposes 
the impressed e.m.f. Hence, to obtain the value of the available 
or energy e.m.f. (the e.m.f. which is actually serviceable in impel 
ling current) in an alternating-current circuit the counter e.m.fs., 
if there are such, developed due to inductance or to permittance | 
or to both must be subtracted from the impressed e.m.f. 

In direct-current circuits the counter e.m.fs.—if there are such 
are in phase (Art. 685) with their impressed e.m.fs.; hence to 
obtain the net e.m.f. in a direct-current circuit the counter e.mf. 
is subtracted arithmetically from the impressed e.m.f. (Art. 730). 
But in alternating-current circuits, the counter e.m.fs. of self. 
induction and of permittance are not in phase with the impressed 
e.m.f. (Arts. 736 and 763). That is, the counter e.m.fs. of in- 
ductance and permittance do not attain their maximum values 
at the same instants as those at which the impressed e.m.f 
attains its maximum values. It follows that, to obtain the net 
—available—e.m.f. in an alternating-current circuit, the subtrac 
tion of the counter from the impressed e.m.f. can not be made 
arithmetically. It must be made vectorially and the phase 
relations between the e.m.fs. concerned must be given due con 
sideration. Just how this may be done and a verification of the 
fact that Ohm’s law holds for alternating-current circuits, are 
shown in the illustrative example which follows. In the circuit 
of this example there are only resistance and inductance. Cir 


cuits containing permittance are treated in another section of the 
book. 


EXxampPuLe.—In a certain coil in a 60-cycle, alternating-current circuit 
(Fig. 429), the current is 11 amp. with an impressed e.m.f. of 110 volts 
The resistance of the coil is 5 ohms and its inductance is 0.023 henry. An 
alyze this situation and show that the current —l1 amp.—in the coil is equal 
to the available or energy e.m.f. across the coil divided by its resistance—5 ohms. 
Also show that the available or energy e.m.f. is equal to the impressed e.m.f. 
minus the counter e.m.f. of self-induction developed in the coil. 

SoLution.—Now the resistance of the coil AB (Fig. 429) is 5 ohms, 
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Hence, by Ohm’s law (Art. 134) the available, or energy e.m.f. which actu- 
ally impels the 11-amp. current in it must be: FE, =RXI=5 X11 = 
55 volts. ; 

The impressed e.m.f., H;, is 110 volts. Since the coil has an inductance 
of 0.023 henry and the current in it is 11 amp., the counter e.m.f. of self- 
induction developed in the coil must be (Art. 737): E, = 6.28 foOCiexX 
I = 6.28 X 60 X 0.023 X 11 = 95.3 
ae Rowe mp. 

Now proceed with the solution of the ‘i 
problem to show that the energy e.m.f. 
—55 volts—is equal to the impressed 
e.m.f.—110 volts—minus the counter 
e.m.f. of self-induction developed in the 
coil—95.3 volts. That is, show that 55 
volts is the difference between an im- 
pressed e.m.f. of 110 volts and a counter 
e.m.f. of self-induction of 95.3 volts. Fie. 429.—Current and voltage re- 

First draw reference lines (Ant. 721) lstionsina sreuit having 5 ohms re 
at right angles to one another as 
shown at J in Fig. 430. Now plot a vector, OZ., as shown in JJ, to repre- 
sent in length to scale, the energy e.m.f. of 55 volts. This vector is plotted 
horizontally because the e.m.f. it represents is in phase with the current 
and (as suggested in Art. 721) it is usually most convenient to plot hori- 
zontally, vectors representing values which are in phase with the current. 


Col! Having 5 Ohms 
Resistance and 
0.023 Henry Inductance -, 


Voltmeter -.. 
Reads 1/0 V. 


B! 
| 
| 
| 
| 
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Fic. 430.—Illustrating the process of a vector solution of a problem. 


Now plot the vector representing the counter e.m.f. of self-induction of 
95.3 volts. Since (Art. 736) the counter e.m.f. of self-induction always lags 
90 degrees behind the current—and consequently 90 degrees behind the 
energy e.m.f.—this vector plotted to scale 95.3 volts long will fall in the 
position OF,, as shown at ITT. 

There have now been plotted, in I/II, two vectors OH, and OH, represent- 
ing, in length and phase relation, the energy e.m.f. of 55 volts and the counter 
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emf. of self-induction of 95.3 volts. It now remains to plot another vector 
which will be called 01E;, which will represent in length and phase relation 
the impressed e.m.f. of 110 volts. If the vector OE, (in IIT) represents the 
difference between two e.m.fs. and OL, represents one of the two, it follows 
from the suggestions of Arts. 724 and 731 that OH; (in JV) must represent 
the other e.m.f. of the two. The vector OZ; is plotted thus: Draw the con- 
struction line E,E., then draw OX through O parallel to E.E.. Now draw 
construction line E.Y parallel to OE,. Then the point, H;, of intersection 
of the OX and E.Y will determine the length of the vector OH; which is 
plotted along OX. 
Ej Now by scaling it will be found that 
the length of OH; equals 110 volts, 
which as stated in the specifications 
of the above example is the value of 


* 95.3 Volts 


the impressed e.m.f. Thus it has 
been shown that the available or 
/ energy e.m.f. of 55 volts which impels 
eens EME " {Impressed y _ the 11-amp. current in the coil of Fig. 
Impressed EME: } iia Ce 429 is equal to the difference between 
Nettraizethe | Hf Tanke e rs the impressed e.m.f. of 110 volts and 
SHindactiony & Energy EME _|/ the counter e.m.f. of self-induction of 
*o| Notas 55 Volts 5IB® 95.3 volts. 

hep y By scaling with a protractor it is 
Self Induction--* fate found that the angle ¢, in Fig. 480, 
i Pi | IV, is 60 degrees. Hence, it follows 
S 7 that, in this particular circuit, the 
3 if current—and the energy e.m.f.—lag 

/ 60 degrees behind the applied e.m.f. 

/ 

awa 745. The Portion or Compo- 
= ; Ec nent of Impressed E.m.f. Which 
ca Is Necessary to Neutralize the 


; Fic. 431.—Phase diagram illustrat- Counter E.m.f. of Self-induction 
ae component of impressed must be just equal in intensity 

and opposite in phase to the 
counter e.m.f. of self-induction. That this is true is almost 
self-evident. Any impressed e.m.f. may be considered as com- 
prising two components (Art. 724) or parts at right angles 
to one another: an energy e.m.f. and an induction e.m.f. 
Consider Fig. 431 which has been plotted to the values of 
the example just above. Vector OH; (Fig. 431) represents 
the impressed e.m.f. It may be considered as comprising two 
parts OH, and OH, differing in phase by 90 degrees. The 
component OH, represents the energy part of the impressed 
e.m.f. which is available for actually circulating the current in 
the circuit. The component OF, represents the ‘‘Induction”’ 
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component or part of the impressed e.m.f. which is “used up” in 
neutralizing the counter e.m.f. of self-induction. 

If the induction component of the impressed e.m.f. is to neu- 
tralize the counter e.m.f. of self-induction, the induction é.m.f. 
must be a maximum in the negative direction (Z, Fig. 426) at 
the instant (Y) the counter e.m-f. of self-induction is a maximum 
in the positive direction. That is, these two e.m.fs. should always 
differ in phase by 180 degrees as shown in the phase diagram of 
Fig. 431 and the graphs of Fig. 426. 


Exampie.—lIf a current of 2 amp. is forced through the inductance of 
0.133 henry (no resistance or permittance in this imaginary circuit) of Fig. 
420, II, the generator must impress across the inductance a pressure just 
equal to the counter e.m.f. induced by the 2-amp. current. As shown in 
the example relating to this Fig. 420, which is given under Art. 747, the 
counter e.m.f. developed by the 2-amp. current through the inductance of 
0.133 henry is 100 volts. It follows, therefore, that the impressed e.m.f. 
necessary to impel this 2-amp. current must also be just 100 volts—since 
it is assumed that in this imaginary circuit there is no resistance. Further- 
more, since it is assumed that there is no resistance in the circuit, there is 
no energy e.m.f. The current which circulates in this resistanceless circuit 
does no work and represents no energy (see “Power-factor,” Art. 782). 
The counter e.m.f. and the impressed e.m.f. in this imaginary circuit must 
differ in phase (see Fig. 426) by 180 degrees. 


746. It Is Not Usual in Solving Problems in Alternating 
Currents, to First Determine the Energy E.m.f. and then com- 
pute the current by dividing this energy or available e.mf. 
value by the resistance, as was done in the solution of the problem 
relating to Fig. 429. It is, as will be shown, possible to treat the 
counter e.m.f. effects of inductance (and of permittance, Art. 
753) as if these effects were a kind of resistance—which is called 
reactance. ‘They—reactance effects—can be combined with the 
actual “ohmic” resistance of the circuit to determine the total 
opposition offered to flow of current in the circuit. Then, if 
the impressed-voltage value be divided by this composite quantity 
called “impedance” (Art. 748) (which is expressed in ohms) 
which represents the combined opposition due to actual resistance 
and inductance (and permittance if there is appreciable permit- 
tance in the circuit) the value of current, in amperes, in the circuit 
will result. The situation is discussed and illustrative examples 
are given in following articles. 

747. Inductive Reactance is the name which has been given 
to the opposition offered to the flow of alternating currents due 
to the counter e.m.f. of self-induction (Art. 479). It is numer- 
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ically equal but opposite to the counter e.m.f. of self-induction 
in an alternating-current circuit. Reactance is expressed in 
ohms just as is resistance. Just as an e.m.f. is necessary to 
impel current through resistance, an e m.f. is also necessary to 
“overcome” or neutralize the counter e.m.f. induced in an alter- 
*nating-current circuit which contains inductance—that is, induc- 
tive reactance. The formula whereby the inductive reactance 
in any alternating-current circuit may be computed is: 


(200) X,= 6.28 Xf *L (ohms) 
rake 

(201) j= 628 XL (cycles per sec.) 
Xi 

(202) L= 6.28 Xf (henry) 

Wherein X; = inductive reactance of the circuit in ohms. 


f = frequency of e.m.f. impressed on circuit, in cycles per second. 
L = inductance in the circuit, in henrys. 


Norte (Art. 737) that the counter e.m_f. of self-induction, E, = 6.28 Xf X 
L XI and that the portion “6.28 x f X L” of this quantity is called in- 
ductive reactance. When the reactance (X;, in ohms) is multiplied by the 
current (J, in amperes), the portion or component of the impressed e.m.f. 
in volts which is necessary to neutralize (Art. 745) the counter e.m.f. of self- 
induction (so that there may be available an energy e.m.f. to force a current, 
I, to flow) is the result. The similarity between resistance and reactance 
is shown by the following examples: 

ExampLE.—In the circuit of Fig. 420,J, which contains only resistance, 
the e.m.f. necessary to produce a current of 2 amp. is, substituting in the 
Ohm’s law formula (Art. 134): E = R X I = 50 X 2 = 100 volts. With 
an inductance of 0.133 henry in circuit, as in Fig. 420,77, the 60-cycle, al- 
ternating e.m.f. necessary to force a current of 2 amp. through the reactance 
having an inductance of 0.133 henry is similarly obtained. Thus: 

E=X,XI 

E = (6.28 Xf XL) xI 

E = (6.28 X 60 X 0.183) X 2 = 50 x 2 
E = 100 volts. 


The inductive reactance in this example is therefore 50 ohms. 
For direct-current circuits and for alternating-current circuits 
having no inductance: 


(203) Current = poarnay or J = a 
resistance R 


Similarly: For alternating-current circuits containing inductive 
reactance only: 


(204) Current = seme or J = = 
reactance Xi 


ll 


ll 
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and 

(205) H=IXX, (volts) 
or $5 

(205A) X,=H+] (ohms) 


Wherein LH = the e.mf., in volts (effective e.m.f. in an alternat- - 
ing-current circuit) impressed on the circuit. J = current in 
amperes in the circuit. X;, = reactance, in ohms, of the circuit. 

Norr.—Reactance can not be added directly to resistance although their 
effects are similar in that they both tend to limit the current intensity in 
a circuit. How resistance and reactance can be added is shown in Art. 749. 
Reactance may also be defined as that quantity which, when multiplied by 
the current, gives that component or portion of the impressed e.m.f. which 
is at right angles to the current. 

748. Impedance is the name given to that quantity which 
represents the combined resisting effects of: (1) Actual (ohmic) 
resistance and (2) the apparent resistance (reactance) or the opposi- 
tion due to counter e.m.fs. of self-induction and permittance. Im- 
pedance is expressed in ohms. If the 7mpedance (ohms) of a cir- 
cuit be multiplied by the current (amperes) in the circuit the 
resulting value will be the alternating e.m.f. in volts impressed 
on the circuit. It follows then that, for alternating-current. cir- 
cuits: 


E 
(206) i= Z (amp.) 
hence 

E 
(207) Z= T (ohms) 
and 
(208) HE=I1XZ (volts) 


Wherein J = current (effective) in the circuit, in amperes. E = 
the e.m.f., effective, in volts, impressed on the circuit. Z = the 
impedance of the circuit in ohms. 

749. To Obtain the Value of Impedance, resistance must be 
combined with, that is, added to, reactance (Art. 747). How- 
ever, since the effects of resistance and reactance differ in phase 
by 90 degrees they can not be added arithmetically., It can be 
shown that (Art. 750 and Fig. 434) the counter or opposing effect 
of inductive reactance (the J X X; drop) leads the opposing 
effect of resistance (the J X R drop) by 90 degrees. They are 
at right angles to each other and can be represented by phase or 

vector diagrams as in Fig. 482. 
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ExamMpLe.—Fig. 432,[ shows a circuit the reactance (8 ohms) of which 
was computed from equation (200) of Art. 747. The impedance (the sum 
of the resistance and reactance) was obtained by drawing diagonals in the 
parallelograms of the phase diagrams and by drawing a hypotenuse in the 
vector diagram. The resulting value is the same in each case. 


In a right-angled triangle: 
(209) Hypotenuse = ~/(one side)? + (other side)? 
It follows that: 
(210) Impedance = ~/ (resistance)? + (reactance)? 
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Fie. 432.—Impedance diagrams. 


Now it was shown (Art. 747) that inductive reactance = 
6.28 X f X L. Therefore (for a circuit which contains only in- 
ductance and resistance—no permittance) : 


(211) Z= VSR? + (6.28 XfXL)? (ohms) 
Wherein Z = impedance in ohms; R = resistance-in ohms. 


ExampLe.—What is the impedance of the coil of Fig. 433,7? It has an 
inductance of 0.03 henry and a resistance of 30. ohms. The frequency is 
60 cycles. What will be the current with an impressed e.m.f. of 100 volts? 

Sotution.—Substituting in the impedance formula: 


Z=V/R*+ (6.28X JL)? = V/ (30 X 30) £6.28 X60 X 0.03) (6.28 X 60 X 0.03) 
= V (30 X 30) + (11.3 X 11.3) = 0/900 $127.7 = V/1,027.7 = 32-1 ohms. 


The problem could be solved graphically, as suggested at IJ, by laying 
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out the sides of a right-angled triangle to scale to represent the resistance 
and reactance and then scaling the hypotenuse to obtain the impedance. 
The current that would flow through the coil AB with a 60-cycle e.m.f. of 
100 volts impressed across it would be (Formula 206): 


E 1 
= Fy = ae = 3.12 amp. 


ashes ee 30 Ohms : 
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Fic. 433.—Example in computing impedance. 


750. The Relations of the Different E.m.fs. and the Compo- 
nents Thereof in Alternating-current Circuits containing resis- 
tance only, and containing resistance and inductance, are shown 
respectively, in Fig. 434, at J and JJ. In a circuit containing 
\ E IX 1 
F Resistance Drop=IxR  |Q! Impressed E.M.F. Cc =k 


Y I-For Circuit Containing | (is also Energy EME) 
Resistance Only IX ‘ss 


Induction E.M.F ~-~-~- 3 
(Required to Neutralize 
Reactance or Counter 
E.M.E of Self Induction) 


(Required to Overcome 
Resistance and do Work) 


---Reactance Drop=Ix Xs5 


(Counter E.MF. of Self 
Induction) 


: | I= For Circuit Containin 
X| Resistance and Inductance 


Fig. 434.—Graphic statement of e.m.f. relations in alternating-current circuit. 


resistance only, the e.m.f. O’C’ (as shown at J), impressed by the 
generator or other source of alternating e.m.f., is spent wholly in 
“overcoming”? or neutralizing the resistance drop O’F’. The 
current (I) in the circuit, (for which no vector is shown) is in 
phase with the impressed e.m.f. O’C’. In a circuit (IJ) contain- 
ing resistance and inductance, there are two counter forces which 
the impressed e.m.f. must overcome: (1) The resistance drop OF. 
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(2) The reactance drop OD—which is the counter e.m.f. of self- 
induction (Art. 747.) The resultant or vector sum of OF and 
OD is the impedance drop OF. The e.m.f. OB impressed on 
the circuit under consideration must be equal and opposite to the 
impedance drop OF. This impressed e.m.f. OB may, as before 
outlined in Art. 745, be considered as being composed of two 
components: (1) An induction component, OA, which neutralizes 
the counter e.m.f. of self-induction and which represents no real 
energy. (2) An energy component, OC, which actually impels the 
current which does work through the resistance and which repre- 


> x 

grr 3 R=0 : 
7) = L= 0.0055 Henry« & 8 
& 


SXs-20tms & 
N 
aaa 


4, 
‘ance 
~ 
Ohms...» 
Impressed E.MF 
k-100 Volts---->4 


a - I-)mpedance Il-Voltage Vector 
Vector Diagram Diagram 
I- Circuit Diagram (Effective Volts) 


APS 
| Impressed. 
se ME 


| Ss 


\ L | ON _-Curre: ‘ z 
ny e \ 
Ltr A Ve Nel r/o [sg 
Rea) ; NET 


SS 


' 
| 
IrG intel / 
i} “Counter 

{ EMF of of 
| Self 
\Ineluction. ~ 

» 


WV- Voltage Phase 
Diagram 


Maximum Impressed EMF =/41 V. = Maximum Currerst = 70.7 Amp. 
Effective Impressed E.M.F =[00V. ‘Effective Current = 50 Amp. 


Fia. 435.—Relations in an alternating-current circuit of 2 ohms reactance, no 
resistance. 


sents real energy. Component OA is equal and opposite to OD. 
The current will always be in phase with OC and will lag behind 
the impressed e.m.f. OB by the angle ¢. The cosine of the angle 
¢ is the power-factor (Art. 783) of the circuit. | 

751. Further Discussion of Impedance, as Relating to Cir- 
cuits Containing Permittance, and the Solution of Problems 
Involving Impedances in Series and in Multiple will be discussed 
in a following section of this book (Art. 77 2) after the phenomenon 
of permittance in alternating-current circuits has been treated. 

752. Examples of Voltage and Current Relations in Circuits 
Having Different Proportions of Resistance and Inductance 
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Maximum Current = 70.7Amp. 


Effective Current = 50. Amp. 


Fig. 437.—Relations in an alternating-current circuit of 1.7 ohm reactance and 


1 ohm resistance. 
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are shown in Figs. 435, 436, 437 and 438. In all cases the cur- 
rent will be in phase with the energy or available e.m.f. (note 
under Art. 735) but will, since there is inductance in these circuits, 
lag behind the impressed e.m.f. The greater the relative amount 
of inductance the greater will be this lag. 

Norr.—In each example the reactance was first computed as directed in 


Art. 747 and then the impedance and voltage triangles were drawn in accord- 
ance with the preceding suggestions of Art. 744. The angle, %, between 
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Fig. 438.—Relations in an alternating-current circuit of 1.73 ohm resistance and 
10 ohm reactance. 


the hypotenuse and the base of each of the triangles is the angle by which 
the current lags behind the impressed e.m.f. Note that the lag angles in 
the triangles are the same as in the corresponding phase diagrams and 
graphs. If a circuit having no resistance but some reactance could exist, its 
voltage and current ‘relations would be as shown in Fig. 435; the current 
would lag exactly 90 degrees behind the impressed e.m.f. The condition 
shown in Fig. 435 can never be realized in practice because all conductors — 
have some resistance—however, the condition suggested may be approxi- 


ae The relations in a circuit containing only resistance are shown in 
ig. : 


SECTION 48 


PERMITTANCE OR CAPACITY IN ALTERNATING- 
CURRENT CIRCUITS 


753. The Action of Inductance and Permittance (Capacitance) 
When the Voltage of or the Current in a Circuit Changes is this: 
The reaction of a permittor or condenser instead of tending— 
as does inductive counter e.m.f—to prevent any change in cur- 

_ rent, tends to prevent any change in voltage. That is, it tends 
to keep the voltage constant. 


Examp.e.—If an e.m.f. is impressed across a “dead” circuit having in- 
ductance (Fig. 243), the inductance (Art. 47 1) tends to prevent (Fig. 246) 
a current from “building up” in the circuit. Now, with the current flowing, 
if the e.m.f. is discontinued and the circuit short-circuited (Fig. 243), the 
inductance will tend to prevent (Fig. 247) the “ decay’’ of the current. 

But if an e.m.f. be impressed across a “dead” circuit containing permit- 
tance, the permittance does not oppose the “ building up” but instead “per- 
mits” the displacement current to flow until the counter e.m.f. of the per- 
mittor due to iis stressed dielectric, is equal to the impressed e.m.f. Then, 
with the dielectric “charged,” if the e.m.f. is discontinued and the circuit 
short-circuited, the permittance instead of retarding the “decay” of the 
current will accelerate it by virtue of the counter e.m.f. which it imposes. 
Obviously, then, inductance tends to prevent a current from “building up” 
in a dead circuit while permittance tends to permit it to “build up.” Fur- 
thermore, inductance tends to prevent the “decay” of current in a live cir- 
cuit when the e.m.f. is discontinued while permittance tends to promote 
such decay. 

Nots.—Tue Terms “Capacrry,” “Capacrrancre” AND “PERMirrancr” 
ARE SYNONYMOUS when used as relating to electrostatics. However, the term 
“capacity”? may have two distinct meanings in electrical parlance. Hence, 
to eliminate misunderstandings, “capacity” should be used only in referring 
to “power capacity,”’ “current-carrying capacity” or in similar senses. In 
referring to “electrostatic capacity,” either “permittance” or “ capacitance” 
should be used. “Capacitance” is the word recommended in the A. I. E. E. 
STANDARDIZATION Ruuzs, but “permittance” (which was suggested by O. 
Heaviside) is preferred by the author because it is the more expressive of the 
actual property of the dielectric. 


754. Inductance or Permittance (Capacitance) Effects Are 
Produced Respectively by Changes of Current or of Voltage.— 


The effects due to inductance occur in a circuit only when the 
35 545 


546 PRACTICAL ELECTRICITY - [Ant fae 


current in the circuit changes. The effects due to permittance 
(or capacitance) in a circuit, occur only when the voltage of the 
circuit changes. 


Exampie.—lIf it were possible to change the current in a given circuit 
without altering the voltage conditions therein, then, in that case, only in- 
ductance effects would be observed—no capacity effects. If it were possible 
to change the voltage impressed on a circuit without changing the current 
intensity (amperes) in any part of the circuit, then only permittance effects 
would be observed. In actual circuits it is practically impossible to change 
the impressed voltage without changing the current, and vice versa. How- 
ever, in practice, except where high voltages are involved or where the cir- 
cuit is provided artificially with an unusual amount of permittance (with 
a permittor or condenser), the effects of permittance are of little consequence. 
The effects of inductance, since they are determined solely by the inductance 
of and the current in the circuit, may be and are frequently, very noticeable 
in low-voltage circuits—particularly in alternating-current circuits. 


Direction 


0 . 
Rotation, _ Alternating- Current Generator 
rere —=<—— 


Conaluctor-” Dielectric Between 
Plates, 


‘Electric or 
«Circuit Condenser or __-> \ >! 
i Permittor ---~ 
oe f 

Conaluctor 


“Collector Rings 


Fie. 439.—Condenser or permittor in an alternating-current circuit. (The 
hydraulic analogy of this illustration is shown in Fig. 448.) 


755. The Effect of Permittance (Capacitance) in Alternating- 
current Circuits will now be considered. Just as the effects of 
inductance are much more noticeable in alternating-current 
circuits than in direct-current circuits, so are the effects of 
permittance much more pronounced in alternating than in direct- 
current circuits. Whenever there is a change in the voltage im- 
pressed across a permittor (condenser), electricity—that is 
electrons—is displaced in the dielectric of the permittor and 
a displacement current flows. 

In an alternating-current circuit the e.m.f. reverses in direc- 
tion periodically and is constantly changing in value. From this 
it would be inferred that a displacement (charging) current must 
flow constantly in an alternating-current circuit containing 
permittance—and such is the case. Now note what occurs when 
an alternating e.m.f. is impressed across a permittor. 


ExamPLe.—Figs. 439 and 440 show an alternating-current generator con- 
nected across a permittor (condenser). If the alternator is rotated at a 
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uniform speed, in the direction shown, a sine-wave-form e.m.. will be in- 
duced. During the first 90 degrees (in Fig. 440) the e.m.f. will be in the 
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Fie. 440.—Showing how a permittor (condenser) “ charges”’ as the impressed 
voltage increases and how it ”discharges‘’ when the voltage decreases. 


direction ABCD. The portion TR of the e.m.f. sine curve of Fig. 441 shows 
how this induced voltage increases during the first 90 degrees. During this 
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Fie. 441.—Relations in alternating-current circuit containing capacity only. 
The current leads the applied e.m.f. by 90 degrees. 


period the permittor would be “charged” in the direction BC (Fig. 440) as 
indicated by TJ in the graph, Fig. 441.’ Also. during this period the dielec- 
tric would be stressed in the direction BC 
(Fig. 439 and 440) and a displacement 
current would flow around the circuit in 
the direction ABCD. 

During the next quarter cycle (Fig. 
440, II), the voltage RV (Fig. 441) is in 
the same direction as before but it de- 
creases to zero. During this 90-degree 
period the “elasticity” of the dielectric 
asserts itself and the permittor “discharges” as the e.m.f. decreases—and a 
displacement current is thereby forced around the circuit in the direction 
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Fie. 442.—Incandescent lamps in 
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During the next quarter cycle the e.m-f. increases from zero to a maximum 
(VM) but it is now in the opposite direction (DCBA), as shown in Fig. 
440, ITI, from that obtaining in the preceding half cycle TRV. Now it again 
“charges” the permittor but in the opposite direction. The displacement 
current continues to flow in the direction DCBA. 

During the next quarter cycle (Fig. 440,JV) the e.m.f. decreases from 

_M to X and the permittor “discharges” in the direction ABCD. Thus, an 

alternating displacement or charging current (of the frequency of the applied 
e.m.f.) flows so long as the alternating e.m-f. is impressed across the per- 
mittor in spite of the fact that the circuit is “open” in the usual sense of 
the word. If incandescent lamps were connected, as shown in Fig. 442, in 
the circuit, they would be lighted by the alternating displacement current 
—provided the permitter had sufficient permittance (capacitance) to allow 
a current to flow of sufficient intensity to heat the filaments. 


756. Permittance (Electrostatic Capacity) Effects Are of 


Little Consequence in Low-voltage Circuits.—This follows from 
the fact that, permittance effects occur only when there is a 
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Fie. 443.—Hydraulic analogy of an alternating-current circuit containing an 
alternating-current generator and a condenser or permittor. (At this instant the 
permittor dielectric is unstressed. The pressure or voltage is a minimum but the 
current is a maximum in the positive direction.) 


change in voltage. The greater the changes in voltage, the 
greater will be the permittance effects. Obviously, in low-volt- 
age circuits the changes in voltage must be relatively small. 
The magnitude of the permittance effects—if the dielectric is 
not “stretched”? beyond the rupturing point—is proportional 
to the applied voltage. On circuits operating at voltages lower 
than 6,000, it is seldom that the permittance effects—that is, 
the charging or displacement current effects—are particularly 
noticeable; they are, though possibly inconsequential, present 
nevertheless. 

757. A Hydraulic Analogue of the Action of Permittance in 
an Alternating-current Circuit is outlined in Figs. 443 to 450. 
Fig. 439 illustrates an electric circuit analogous to the fluid 
circuit of Fig. 443. Fig. 441 is a graphic record of the phe- 
nomena occurring in the circuit as the pump is operated. ‘The 
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reciprocating pump, driven at a uniform speed, is analogous to 
an alternating-current generator. Its piston, by virtue of the 
Scotch-yoke drive, has a harmonic longitudinal motion, the speed 
of which, as it varies with the time, could be represented by a 
sine curve. When the pump is driven, it impels in the fluid 
circuit an alternating current of the non-compressible, weightless 
fluid shown which is analogous to electricity. 

The contrivance at the right of Fig. 443 (which is shown en- 
-larged in the other illustrations) is analogous to a permittor 
(condenser). It consists of two chambers (condenser plates) 
with a cellular structure between them. The cellular structure 
has partitions of an imaginary semi-porous elastic material and 
is analogous to a dielectric (Art. 92). The pipes and the cellular 
structure are all filled with the weightless, non-compressible 
fluid just as all matter is permeated with electricity. The pipes 
are frictionless (the circuit has no electrical resistance). 

As the pump is driven, its piston displaces the fluid (electricity) 
in the circuit—first in one direction as the piston travels to the 
right, then in the other as it travels to the left. The fluid which 
resides in the condenser when it is in its normal unstressed con- 
dition (Fig. 443) has been rendered in darker lines—merely to 
illustrate how the displacement of the fluid in the circuit occurs. 
The force exerted by the piston on the fluid is analogous to an 
applied e.m.f. The current (rate of flow) of fluid is analogous 
to an electric displacement current. The quantity of fluid 
(gallons) displaced is analogous to coulombs. ‘The reactive 
pressure exerted by the elastic walls of the “condenser” when 
they are stressed is analogous to the counter e.m.f. due to per- 
mittance—which will be further discussed in Art. 758. 

ExpLaNation.—Assume that the pump starts from the position of Fig. 
443 in which the piston is at the center of the cylinder. Under these normal 
conditions the “dielectric” in the permittor is unstressed as shown in the 
enlarged diagram of Fig. 444. As the piston is forced from this ‘“‘neutral’’ 
position, it displaces fluid around the circuit and stretches the elastic-walled 
cells (stresses the dielectric). Follow the cycle of events referring at the 
same time to the graphs of Fig. 441. Fig. 445 pictures the situation after 
the crank has been rotated through 30 degrees. ; 

At the instant at which the piston is at the left end of its stroke (Fig. 
146,7V), the force which it is exerting must be a maximum because then 
the “dielectric” is stretched as much as is possible with the arrangement 
shown. Consequently, the dielectric is exerting its maximum elastic reaction 
counter e.m.f.). During the next 90 degrees (Figs. 447,V to 448,V JJ), the 
yressure exerted by the piston is decreasing and the permittor is discharg- 
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ing—the dielectric is “unstretching” back to the unstressed condition. 
During the next 90-degree period (Figs. 448,VIII to 449,X) the permittor 
is being “charged” in the opposite direction. During the following 90-de- 
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Fia. 444.—Analogy to the electric condenser or permittor. (This shows the 
dielectric unstressed, the condition obtaining when there is no difference of 
potential across the condenser between B and C.) 


gree period (Figs. 450,XJ to 450,XJ/) it discharges—in the opposite direc- 
tion from the former discharge. 


(Direction of Rotation 


I- Conditions at the 30 Degree Phase 
é 


; Fia. 445,—Pressure (voltage) impressed by the pump is in the positive direc- 
tion and is increasing and the ‘‘dielectric’”’ is becoming ‘‘stretched.” ‘The cur- 
rent (rate of flow) is also in the positive direction and is decreasing. 


Note that the phase relations in this fluid circuit are, as will be shown, 
the same as those in an electric circuit containing permittance only (Art. 
763) on which an alternating e.m.f. is impressed. At the end of each stroke 
the force exerted by the piston is a maximum (Figs. 446,/V and 449,X) 
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but at that instaut the piston is reversing in direction and the fluid current 
—rate of flow—is zero. When the piston is at the center of each stroke, 
the force impressed by it is zero but the current is a maximum—it is flowing 


II-60 Degree Phase W- 90 Degree Phase ; 
Cmpressed Pressure is in the Positive Direction (Impressed Pressure is in the Positive Direction 
ands Increasing; Current in Positive ands a Maximum; Current is Zero) 


Direction but Decreasing) 


Fia. 446.—Showing conditions in ‘“‘Permittor” at the 60- and 90-degree instants. 


at the maximum rate because the piston is then moving at the maximum 
rate. Thus, the fluid current in this circuit leads the impelling force im- 
pressed by the piston by 90 degrees; Fig. 441 states the situation graphically. 


V-120 Degree Phase VI-150 Degree Phase 
(mpressed Pressure in the Positive Direction (Impressed Pressure in Positive Direction 
and Decreasing; Current in Negative and Decreasing; Current in the Negative 
Direction and Increasing) Direction and Increasing) 
Fig. 447.—Showing conditions in ‘Permittor” at the 120- and 150-degree 


instants. 


758. A Counter E.m.f. Is Exerted by Permittance in an Alter- 
iating-current Circuit in a somewhat similar manner—but not in 
he same manner—as an inductance produces a counter e.m.f. 
n an alternating-current circuit. The dielectric of the permittor 
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when it is being stressed during the charging period resists the 
stretching by virtue of its elastic properties. It therefore, in 
effect, exerts a counter e.m.f. However, the permittance counter 


VII-180 Degree Phase Wil-210 Degree Phase 
Cmpressed Pressure is Zero, Current in the (Impressed Pressure in the Negative 
Negative Direction and a Maximum) Direction andl Increasing Current in 


Negative Direction and Decreasing) 


Fig. 448.—Showing conditions in ‘‘Permittor’? at the 180- and 210-degree 
instants. 


e.m.f. attains its maximum value, in each cycle, in the positive 
direction at the instant at which inductance counter e.m.f. 
attains its maximum value in the negative direction. Also, 


IX- 240 Degree Phase X- 210 Degree Phase 
(Impressed Pressure in the Negative Direction Clmpressed! Pressure in the Negative Direction 
and Increasing; Current in the Negative and Is a Maximum; Current is Zero) 


Direction and Decreasing) 


Fria. 449.—Showing conditions in ‘‘Permittor’” at the 240- and 270-degret 
instants. 


the converse is true. A consideration of the hydraulic analogy of 
Figs. 443 to 450 in connection with the graphs of Fig. 441 will 
verify the above statements. 
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759. The Counter E.m.f. Due to Permittance in an Alter- 
nating-current Circuit Is Always Directly Opposite in Phase 
and Equal in Value to the Component of the Impressed E.m.. 
Required to Neutralize It, as shown in Fig. 451. That this must 


XI-300 Degree Phase XIl- 360 Degree Phase 
(Impressed Pressure in Negative Direction (mpressed Pressure i's Zero; Current in the 
and Decreasing; Current in Positive Positive Direction and a Maximum) 


Direction and Increasing) 


Fie. 450.—Showing condition in ‘‘Permittor’ at the 300- and 360-degree 
instants. 


be true will be evident from a consideration of the foregoing 
statements of Arts. 755 and 757. The phase diagram of Fig. 
452 indicates vectorially these relations.. Hence there is always 
a difference in phase of 180 degrees between the counter e.m.f. 


sComponent of Impressed EMF Required toNeutralize the Counter E.M.F Due to Permittancé , 
su 90° 150° 210° 70° 330° 30° 90° 150°__2i0"_ 270° 


30° 


#4 


(Current, 2) 


Positive __ 
Direction 


_ Negative 
Direction 


I< 


0° 60° 120° 180" -*, 240" 300 360" G0” 
: ‘Counter E.M.F Due to Permittance 


120° 180° 240° 


Fie. 451..-Showing how the counter e.m.f. due to permittance directly opposes 
the impressed e.m.f, 


of permittance and the component of the impressed e.m.f. re- 
quired to neutralize it, the counter e.m.f. leading the component 
of the impressed e.m.f. In a circuit containing only permittance 
—if such a circuit could exist—the counter e.m.f. of permittance 


‘ >. 
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e.m.f. would be directly opposite to—would lead by 180 degrees 
—and would be of the same value as the impressed e.m.f. 

760. To Compute the Counter E.m.f. Due to Permittance in 
an Alternating-current Circuit, the e.m.f. impressed on it being 
of sine wave form, the value of the current in the circuit is multi- 
plied by the quantity: 1 + 6.28 X fxC. Hence it follows that: 


(212) Boa a oe (volts) 


meson GhS Vols eniunesss ssinrs- 


Counter EMF of 
Permittance 


Required to 
Neutralize the 
Counter EMF 
of Permittance 


Fie. 452.—Showing relations of e.m.fs. in a circuit containing resistance and 
permittance. 


or, since 2 X r = 6.28, as it is frequently written: 
‘4 a 
(213 eee 
) ea Xe Xie O28 ae 

Wherein He = the counter e.m.f., in volts, exerted by the per- 
mittor. J = the effective current, in amperes, in the circuit. 
f = frequency of the current, in cycles per second. C = per- 
mittance or electrostatic capacity of the circuit, in farads. The 


proof of the above equation follows. Compare it with that of 
Art. 737 for the counter e.m.f. of inductance. 


(volts) 


Proor.—The “charge” or displacement in a permittor on which an alter- 
nating e.m.f. is impressed changes from zero to a maximum during the time 
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of 14 cycle (see Fig. 441). That is, the charge changes Qn = C X Em 
(coulombs) in 1 + 4 Xf sec. Now: 


(214) ; Charge = average current X time 
that is, 
1 

(215) (Os SC ok Jil, Sey, Be Ixf (coulombs) 
or, 
(216) (G Slaps, = Tov. 

Te 4 SOF 
Then from the above: 
(217) Nice =4 Kf x C x Jp ; (amp. ) 


That is, the average charging current equals four times the product of the 
frequency, permittance and maximum e.m.f. 


But (Art. 697): 


(218) Tes lear SRY 

Then 

(219) Im =4 Xf XC X En X 1.57 

substituting 

(220) T= 18280 te Oa Ee (amp. max.) 
Then 

(221) Te=16,238 xf Oe Xen, (amp. effective) 
and 

(222) EL, = SIE (volts effective) 


-A.C. Generator 


Fie. 453.—Illustrating permittive reactance. 


Since the counter e.m.f. exerted by a permittor must always equal the e.m.f. 
impressed it follows that: 


f, 
(223) E, 


TL OSB 

761. Permittive Reactance is the opposition offered by per- 
mittance to the flow of alternating current. It is similar to but 
not the same as inductive reactance (Art. 747). It is measured 
in ohms. The equation for permittive reactance is: 


1 
~ 6.28 Xf XC 


(volts) 


(224) a: (ohms) 
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Wherein the symbols have the same significance as in the pre- 
ceding article, except that X, = permittive reactance, in ohms. 


Exampise.—What is the reactance, in ohms, of the permittor shown in 
Fig. 453? What current will flow in the circuit (assuming that it has no 
resistance or inductance) there shown, when an effective alternating voltage 
of 110 is impressed across the permittor? SonuTion.—Substituting in the 
above formula for reactance; 

1 1 _ ae 
Xe = G98 KF XC ~ 6.28 X 60 X 0.00003 ~ 0.011304 
Then the current, from the Ohm’s law formula, would be: 
E 110 


eb Gee ee 1.25 amp. 


= 88 ohms 


762. Permittance and Inductance Produce Precisely Opposite 
Effects in Alternating-current Circuits——That is, their effects 
are 180 degrees apart in phase. Hence, one may partially or 
wholly ‘‘neutralize” the other. That this should be true follows 
from the statements of Art. 754. When inductance and per- 
mittance do neutralize in a circuit, then if the e.m.f. in volts, 
impressed on the circuit, be divided by the resistance, in ohms, 
of the circuit, the current, in amperes, which will flow in the 
circuit will be the result. When inductance and permittance 
neutralize, the resulting condition is called “Resonance,” Art. 
769. If the permittive effect in a circuit is greater than the 
inductive effect, then the current in the circuit will lead (Art. 
717) the applied e.m.f. But if the inductive effect is greater than 
the permittive, then the current will lag behind the applied e.m.f. 

763. The Current in a Circuit Containing Permittance Only, 
Leads the Impressed E.m.f. by 90 Degrees as shown in Fig. 
441 and 451. When the impressed e.m.f. is increasing in one 
direction the alternating displacement current is in the same 
direction—but it is decreasing in intensity. When the impressed 
emf. is decreasing in one direction, the displacement current 
is increasing but is in the opposite direction. The displacement. 
or charging current “through” permittance is greatest when the’ 
rate of change of the impressed e.m.f. is greatest—that is, at the 
instants at which the impressed e.m.f. is zero. At the instants 
at which the impressed e.m.f. is a maximum (when its rate of 
change is zero) the displacement current is zero. In any cycle 
the displacement current, in a circuit containing only permit- 
tance, attains its maximum intensity 90 degrees before the im-_ 
pressed e.m.f. reaches its maximum intensity, thus the current 
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leads the impressed voltage by 90 degrees. The alternating 
displacement current lags 90 degrees behind the counter e.mf. 
due to permittance as shown in Fig. 451. 

764. The Current in an Alternating-current Circuit Contain- 
ing Only Permittance (Capacitance) and Resistance Always 
Leads the E.m.f. Impressed by the Generator.—The amount of 
lead is proportional to the amount of permittance in the circuit. 
If there is no permittance—only resistance—in the circuit, then 
there is no lead and the current will then be in phase with the 
impressed e.m.f. as shown in Fig. 422. In a circuit consisting 
wholly of permittance—such a circuit, however, is a physical 
impossibility—the current would lead the impressed e.m.f. by 
exactly 90 degrees as shown in Fig. 441. With varying propor- 
tions of permittance and resistance, the current will lead the 
impressed e.m.f. by some amount between 90 and 0 degrees. 
With little permittance in the circuit there will be little lead; 
with much permittance in the circuit the lead may be almost 
90 degrees. 

765. Power Is Not Lost in Impelling an Alternating Current 
in a Circuit Containing Only Permittance.—The reason is this: 
All (see note below) of the energy expended in displacing the 
electricity in one direction and in stressing the dielectric of the 
permittor, as the voltage increases during the first half alternation 
of a cycle, is returned to the circuit during the last half alterna- 
tion (when the voltage is decreasing) as the dielectric exerts its 
elasticity and pulls back into an unstressed condition. Pres- 
sure must be exerted by the pump to stretch the “dielectric” 
cells and displace “electricity”? through the “permittor’ from 
the position of Fig. 443 to that of Fig. 446,JV. But as the pump 
pressure decreases (Figs. 447,V to 448,VJI), the stressed “di- 
electric”’ returns to its normal condition forcing the “electricity” 
back again. However, power is required to overcome the fric- 
tional resistance (if there is any) that the pipe circuit offers 
to the current of water as it surges back and forth. Similarly, 
power (watts) is expended in overcoming the resistance (ohms) 
that any conductor in a permittor circuit offers to the current 
displaced in the circuit by virtue of the permittor. The power 
loss in any conductor in which any current flows is always 
I? X R (Art. 167). 


Nore.—It is not strictly true that all of the energy expended in displac- 
ing the electricity in charging a permittor is returned to the circuit when the 
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permittor discharges. There are small energy losses, which occur when an 
alternating current “flows through” a permittance, called “ Dielectric 
Hysteresis Losses.” These may be thought of as representing the energy 
wasted in a sort of intermolecular friction which occurs when the dielectric 
material is “stretched” and then “returns” to its original condition. The 
exact nature of these losses is not clearly understood. In any event, dielec- 
tric hysteresis losses are relatively very small and consequently are of little 
importance in ordinary practical work. 

766. Elastance is the name which has been given to the recip- 
rocal of permittance. Just as permittance may be measured 
in farads, elastance may be measured in darafs. A permittor 
which has a permittance of 10 farads would have an elastance 
of: 1 + 10 = 0.1 darafs. A permittor having a permittance of 
0.5 farads would have an elastance of: 1 + 0.5 = 2 darafs. The 
relation between permittance and elastance is analogous to that 
between conductance and resistance (Art. 130) and permeance 
and reluctance (Art. 238). 

Nore that ‘‘daraf” is ‘‘farad” spelled backwards. 


SECTION 49 


FIGURING ALTERNATING-CURRENT CIRCUITS 


767. Susceptance is the name which has been given to the 
reciprocal of reactance. Just as the reactance of a circuit is a 
measure of the difficulty encountered in forcing an alternating 
current through the circuit, susceptance is a measure of the ease 
with which the current may be forced through the circuit. 
Reactance is a quantity similar to resistance (Art. 747). Sus- 
ceptance is one similar to conductance (Art. 130) and it is like- 
wise measured in mhos. A circuit having a reactance of 10 
ohms, has a susceptance of: 1+10=0.1mho. A circuit 
having a reactance of 0.5 ohms has a susceptance of 1 + 0.5 = 
2 mhos. 

768. The Net Reactance of Any Circuit is Equal to the Sum 
of Its Permittive Reactance and Its Inductive Reactance.— 


mductive Reactance, _/Fermirrive Reactdnce _Permittive Reactance 
y 7 Ohms i 23 Ohms : 
Inductive Reactence 6 Ohms-~” | 
I-Excess of Inductive Reactance I-Excess of Permittive Reactance 


Fie, 454.—Illustrating addition of reactances in series. 


Since these two reactances oppose one another the sum must be 
their algebraic sum. Inductance causes the current to lag behind 
the impressed e.m.f.; permittance causes the current to lead 
the impressed e.m.f., hence if there is more permittive reactance 
in a circuit than inductive reactance the current will lead, and 
vice versa. It follows that: 


(225) X = X,-— X, (ohms) 


Where X = the total reactance of the circuit, in ohms. X, = 
the inductive reactance in the circuit, in ohms. X, = the 
permittive reactance in the circuit, in ohms. 


Notre.—Inductive reactance is usually of most importance in circuits 
except when the voltages involved are very high. 
Examepie.—The total reactance of the circuit (which contains only in- 
ductance and permittance) of Fig. 454 = X; — X, = 15 — 7 = 8 ohms. 
559 
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EXAMPLE.—The reactance of the circuit of Fig. 454,77 = X; — X,= 
6 — 23 = — 17 ohms. The minus sign preceding the value 17 indicates 
that the resultant reactance is permittive, hence will cause the current in 
the circuit to lead the impressed e.m.f. ' 

769. Resonance is that condition which occurs in an alter- 
nating-current circuit when the inductive reactance in the cir- 
cuit is just equal to, and hence neutralizes, the permittive 
reactance. Under these conditions the current in the circuit is 
limited only by the resistance and may therefore attain enormous 
values. Obviously, resonance occurs when: 


1 
(226) 6.28 Xf XL = gay GK 
It follows that when resonance occurs: 

1 
or 

1 
= ——— (frequene 

ees) I= Geax VJixe Tosa 


“Permittive Reactance 
4 0hms 
Fre. 455.—Inductive reactance, permittive reactance and resistance in series. 


Obviously, resonance can occur in a given circuit only when 
an e.m.f. of a certain frequency, f, above, is impressed on the 
circuit. : 


ExampLe.—lIf an e.m.f. of such a frequency were impressed across the 
circuit of Fig. 455 so that the permittive reactance of X, just equalled the 
inductive reactance of X; then the current through the circuit would be 
limited only by the resistance R. 

770. Admittance is the name which has been given to the 
reciprocal of impedance (Art. 748) and it is expressed in mhos. 
The relation between impedance and admittance is similar to that 
between resistance and conductance. <A circuit which has an 
impedance of 40 ohms, has an admittance of: 1+ 40 = 40 
mho = 0.025 mho. <A circuit which has an impedance of 0.2 
ohm has an admittance of: 1 + 0.2 = 5 mhos. In the problem 
of Fig. 456, which will be discussed later, the admittance of the 
two impedances in parallel is 0.8 mho. 
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771. The Impedance of a Circuit Containing Only Resistance 
and Permittive Reactance can be readily computed by drawing a 
vector diagram as shown at Fig. 457,JJ. Although resistance 
and permittive reactance may be so associated in a circuit that 
it is impossible to separate them physically, for the purposes of 


yee eer 


Reactance 


x / 
Impedance W *--Reciprocal of Impedance 
Circuit A i ——- 
Fia. 456.—Graphic method of determining joint impedance of two impedances 
in parallel. 


pS 5S Pee ee 


computation it may be assumed that they are separate proper- 
ties, as suggested at J. On the basis of the explanation of per- 
mittive reactance which has been hereinbefore given, Art. 761, 
it can be shown that: 


(229) VEY i a ee (ohms) 
ee eee ra Applied E.M. Fe----- 2m eer AX sana 591-1 6) 7)74 eee 4 . 


9 Ohms 


/Permittive > A 

15 Ohms Resistance y- Reactance Sib gals 
nee =a/S 

Ea 

I- Circuit ne, Qui 
I-Vector Diagram ™. iL 

eB 


Fie. 457.—Indicating method of computing impedance of resistance and permit- 
tive reactance, 


.Exampiy.—To compute the impedance of the circuit of Fig. 457, I. 
The line OB is drawn vertically, proportional in length to 9 ohms, to repre- 
sent the permittive reactance. It is drawn downward to indicate that 
permittive is the opposite of inductive reactance. Then the line OA, to 
represent the resistance, is laid off at right angles to OB. AB will then be 
proportional in length to the impedance of the circuit, which is 17.5 ohms 

36 
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The angle ¢, 31 degrees in this case, is the angle by which the current in the 
circuit will lead the impressed e.m.f. 

772. The Impedance of a Circuit Containing Resistance, In- 
ductance and Permittance in Series, may be readily computed. 
If one piece of apparatus or a circuit contains resistance, in- 
ductance and permittance, it can be assumed that each of these 
is a separate quantity as shown in Fig. 455. The permittive 
reactance, X., is first subtracted from the inductive reactance 
X, which gives the reactance X. Then this reactance is com- 
bined with the resistance to obtain impedance, hence: 


(230) Z = V/R1+ (X,— X,)? (ohms) 
or 
(231) Z = SR2+ X? (ohms) 


ExaMPLE.—What is the impedance of a piece of apparatus or a circuit 
(Fig. 455) which has a resistance of 17 

ohms, an inductive reactance of 9 ohms 

: and a permittive reactance of 4 ohms? 
SoLtution.—It may be assumed that 
the reactances and resistances are sepa- 
rate quantities, as shown in Fig. 455. 
Then the vector diagram, Fig. 458, is 
constructed. Draw OR 17 units long 


1=/nductive Reactance? 


Permittive ReactancesX ~~? to represent the resistance. Draw OL 

C 9 units long to represent the inductive 

Bre ane saluiion vet nee hian ae reactance, Draw OC vertically down- 
Fig. 455. ward 4 units long to represent the per- 


mittive reactance. The total reactance 
is the difference between OL and OC, or OX, which is 5 units long. That 
is X: = 5 ohms. Then RX is drawn and it will be proportional in length 
to the impedance of the circuit, 17.7 ohms in this case. 
Note.—For a circuit containing only resistance and permittance—no 
inductance—it follows, where 1 + (6.28 X f X C) = permittive reactance, 
(Art. 761) that: . 


ah 2 
232 = 2 ea 
4282) Poa: tea 
For a circuit containing resistance, inductance and permittance. 


(233) hs we Nice ne | «o2s Xf XL) - (asexaxel ik 


773. The Joint Impedance of Several Impedances in Series 
can be computed either graphically or arithmetically as shown in 
Fig. 459. It is necessary to know the resistance and reactance 
of each component to obtain their joint impedance because the 
arithmetical sum of the individual impedances of the com- 
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ponents is not equal to their joint impedance. The angle ¢ is 
‘the angle of lag of the circuit—the angle by which the current 
will lag behind the impressed e.m.f. The cosine of this angle 


is, as will be shown later, the power-factor (Art. 783) of the 
circuit. 


10 Ohms Resistance 
flo Ohms Reactance 


20 Ohms Resistance 


| 
10 Ohms Resistance 
5 Ohms Reactance | 15 Ohms Reactance : 
Fes 3120.6 Ors seat se seek OS cere phe rer step renstna 18 Olrris tooceen de ce ess] 
| Impedance Impedance Impedance | 
PE even e nrc meee ee cntmrer nce neme cer snneenece 5D Ofrems Total Impecdearrce --~ -ve-.0-m-manmeene monn anne eee eel 
1-Circuit Diagram 
R % I CIS aan 
Resistance Reactance Impedance i Heat 
pan Ohms 50hms J 5? + 20? = 20.6 Ohms J i | 
of (B) /0 Ohms 100hms = N102 4 20? = |4,1 Ohms a Si 
of (©)10_Ohms 150hms 10? +15? = 18.0 Ohms we Sar 
Total 40 Ohms 30 Ohms Ze 5 
Total Impeclance = W402 + 30? = 50 Ohms ‘ me i 
I-Arithmetical Solution j s 
ee Soa 
eC s§ 
wt fef.100nms | 1 & 
\ Resistance _y¥ 5 
i 8 
* 
| & 
i 
S 
Lis 
re | i 
7 3 
a /___100hms____.. | : 
Resistance | i 
ee 
bes 
| : 
Sa Se Se eer +— 
beg eeeee <eese-=20 Ohms Resistance-------~ - eae | 
Deceased coo eee meee aren AO) OFI7IS TOTO Rests faniCOves= = omenms eeesemccesiesroran-teoreenaeyy 


I-Graphic Solution 


Fig. 459.—Method of determining the joint impedance of several impedances in 
series. 


774. The Method of Computing the Joint Impedance of a 
Resistance and an Impedance in Parallel is illustrated in Fig. 
460. The resistance, AiB,, shown at I is 10 ohms; the imped- 
ance, AiCi, is 12.8 ohms. The impedance of 12.8 ohms was 
computed graphically as shown at JJI. The line A’B’ (IV) is 
drawn horizontally, and in length proportional (to any convenient 
scale) to the reciprocal—conductance (Art. 130)—of the resistor. 
Now A/C’ is drawn parallel to AC and proportional (to the same 
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scale as that used for A’B’) to the reciprocal of the impedance 
AC. That is, A’C’ represents the admittance (Art. 770) of 
A,C;. The resultant A’D’ will be proportional in length to the 
joint admittance of A1B, and A.C; in parallel. That is, A’D’ 
will be proportional to the reciprocal of the joint impedance. 

To obtain the joint impedance, compute the reciprocal of the 
value represented by A’D’, which, in the example illustrated is: 
ee OMGSe—soLOo: Hence, the joint impedance of A,B; and 
AC, is 5.95 ohms. The angle ¢ in JV is the angle by which a 
current in the circuit L,l2. would lag behind the impressed 
e.m.f. 

775. To Compute the Joint Impedance of Two Impedances in 
Parallel, the method delineated in Fig. 456 may be used. First 


Bi Ci 


Reciprocal 2.8 Ohms =/#3 = 0.078 mho 
Reciprocal 10 Ohms = 75 =0.100 mho 
---I2.8 Ohms Impedance Reciprocal 0./68 Ohms = a768 =5.95 mhos 
(/0 Ohms Resistance 
ana 8 Ohms Reactarrce) 


10 Ohims----., 
Resistance 


Ai 


I- Circuit 


ke----10 Ohms -----» 


Resistance . 
I-Resistance of : i 
A\By Il-Impedance of A; Ci WW- Joint Impedance 


Fic. 460.—Graphic method of computing the joint impedance of resistance and 
impedance in parallel. 


draw (as described in Art. 749), to some convenient scale, the 
impedance triangles I’ and II’ for impedances J and IJ. Then, 
draw A’B’, parallel to AB, proportional (to any scale) to the 
impedance A,B, and draw A’C’, parallel to AC, proportional 
(to the same scale) to the impedance A,C;. The resultant 
A'D’ will be proportional to the reciprocal (admittance) of the 
joint impedance of A,B, and A,C;. To obtain the joint im- 
pedance, compute the reciprocal of the value represented by 
A’D', which in the example shown is: 1 + 0.8 = 1.25. There- 
fore, the joint impedance of the two impedances is 1.25 ohms. 
The angle ¢ is the angle by which the current in leads A; and 
B, lags behind the e.m.f. impressed by the generator. 

776. Impedance of Motors and Transformers and Energy 
Resistance are phenomena which should be understood. In a 


Suc. 49] FIGURING ALTERNATING-CURRENT CIRCUITS 565 


direct-current circuit which does not contain a motor or other 
source of counter e.m.f., the current by Ohm’s law (Art. 134) 
always equals the impressed e.m.f. divided by the resistance 
of the circuit. In alternating-current circuits, as has been shown, 
this relation seldom exists because the current in such circuits 
is limited not only by the resistance of the circuit but also by a 
counter e.m.f. of self-induction (Art. 479). In an alternating- 
current circuit with which no iron (transformers or motor) is 
associated, the current with a given impressed e.m.f. is determined 
by the impedance (Art. 748) of the circuit. That is, the current 
is determined by the sum of the resistance and reactance. 
However, in circuits in which are included transformers, motors 
or other devices which convert electrical energy, the energy 
imparted to the circuit is obviously expended in other ways than 
by merely overcoming resistance. In such circuits the current 


A.C. Motor 
Driving Load. 


bee B5 Ohirs:mm= = 


| Apparent 
lL. Resistance J 
95 Oheg-— 
Impedance Triangle 
I- Vector Diagram 


I-Apparatus Diagram 


Fia. 461.—Illustrating impedance of motor. 


is not equal to the impressed e.m.f. + (resistance + reactance). 
The e.m.f. impressed on a motor or transformer may be con- 
sidered as comprising two components: (1) An induction com- 
ponent which overcomes the counter e.m.f. of self-induction of 
the circuit. (2) An energy component which does actual work in 
making the motor or transformer deliver energy and in forcing 
current through the resistance of their windings. 


Exampie.—Consider a motor (Fig. 461) which is driving aload. (Con- 
ditions similar to those to bé described would obtain for a loaded trans- 
former). If the e.m.f. (100 volts) impressed on the motor be divided by the 
current at some certain load, the result will be the impedance, in ohms, 
of the motor at that load. Assume 100 volts impressed and a current of 
8 amp. Then the impedance of the motor will be: 100 + 8 = 12.5 ohms. 
Assume the angle of lag of the current to be 42 degrees (power-factor = 
74 per cent.) and draw the impedance triangle as indicated at JJ. The 
resistance of the motor from this triangle would appear to be 9.3 ohms. 
Actually, the resistance of such a motor would be less than 2 ohms. Hence 
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the balance of this apparent resistance of 9.3 ohms or at least 7.3 ohms would 
represent not resistance but actual work being done by the motor in pulling 


the load. 


This apparent resistance (9.3 ohms), representing partly real 
resistance and partly the doing of work, may be called energy 
resistance. Hence, in simple circuits without iron, such as over- 
head line and interior-wiring circuits, the components of the 
impedance of the circuit consist only of reactance and resistance. 
But if transformers or other devices containing iron are intro- 
duced, then the apparent impedance is composed of reactance 
and energy resistance. 

Nors.—Impedance of isolated circuits without iron, like overhead lines, 
is practically the same for all current strengths—but in circuits with iron, 
impedance may vary with the current. Voltage drop in an electrical energy 
transmission circuit can not be correctly estimated on the basis of the line 
impedance alone, since the drop may not correspond in phase with the total 
impedance of the circuit. 


SECTION 50 


POWER AND POWER-FACTOR IN ALTERNATING- 
CURRENT CIRCUITS 


777. Power in Alternating-current Circuits is determined by 
applying the same general laws (Art. 164) which relate to direct- 
current circuits. The power in any electric circuit (alternating- 
current or direct-current) is, at any instant, always equal, in 
watts, to the current at that instant multiplied by the voltage 
(at that instant) which impels the current. That is: 


(234) P;=1;X E; (watts) 
Wherein P; = instantaneous power of the circuit, in watts at 
a given instant, J; = instantaneous current in the circuit in 


amperes at the same instant, EH; = instantaneous voltage, in 
volts, at the same instant, it being understood that this E repre- 
sents the available or energy voltage which actually impels the 
current at the given instant. In a direct-current circuit, con- 
taining no source of counter e.m.f. the voltage impressed on the 
circuit (except during the transient intervals, Art. 481) is the 
voltage which impels the current. In an alternating-current 
circuit, the voltage impressed on the circuit may or may.not be 
the one which impels the current: (1) If the circuit contains no 
inductance nor permittance, that is, if the current is in phase with 
the impressed e.m.f. (Art. 732), the impressed voltage is the one 
which impels the current. (2) If the circuit contains inductance 
or permittance (capacity) or both, that is, if the current is not 
in phase (Art. 685) with the impressed e.m.f., some voltage other 
than the impressed voltage will impel the current. 

778. Power Taken by an Alternating-current Circuit in Which 
the Current Is in Phase with the Impressed E.m.f. (this condition 
obtains in a circuit containing resistance only) is equal to the 
product of: volts X amperes. That is: 


(235) P=EH;X Iz (watts) 
and 

ae (volts) 
(236) Ez ae ie iV; 


= 
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also 7 
(237) Iz = Ez (amp.) 


Wherein P = power taken by the circuit, in watts. Hz = emf. 
effective, impressed on the circuit, in volts. Jz = current, 
effective, in the circuit, in amperes. Fig. 462 illustrates condi- 
tions in such a circuit.. If the current at any instant, for ex- 
ample OA, be multiplied by the impressed e.m.f. (OB) at the 
same instant, then product (OC) will be the power at that instant. 
By making this computation for a number of different instants 
in the cycle, a corresponding number of points in the power 
curve may be obtained. The power curve can then be plotted 


«3 
« 
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Fie. 462.—TIllustrating conditions for 100 per cent. power-factor. Circuit 
composed wholly of resistance and current is in phase with impressed e.m.f. 


through them as shown. ‘The total energy taken by the circuit 
during any alternation is proportional to the area (shaded in the 
illustration) within the power loop of that alternation. 


Norr.—All of each power loop will lie above the zero reference line— 
that is the power will be positive—because when two + quantities or two 
—quantities are multiplied together the result will be a + quantity. By 
positive power is meant power which is delivered by the generator (or other 
source of e.m.f.) to the circuit. Sometimes a circuit may, as will be shown, 
deliver power back to the source of power which feeds it ; such is called 
negative power. . 

ExampLe.—What power is being taken by the incandescent-lamp load 
of Fig. 463,7 (all incandescent-lamp loads are practically non-inductive) 
which is being served by an alternating-current generator? ‘The voltmeter 
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reads 200 volts and the ammeter reads 24 amp. Soxturion.—From the 
above: P = E X I, hence P = 200 X 24 = 4,800 waits or 4.8 kw. There- 
fore, the generator is delivering 4.8 kw. 

Exampie.—The alternating-current wattmeter of Fig. 463,IJ indicates 
that the non-inductive iron is taking 660 watts. The current, as shown 
by the ammeter, is 6 amp. What is the voltage impressed across the iron? 
SoLutrion.—As outlined above, H = P + I, hence E = 660 + 6 = 110 
volts, which is the pressure impelling the current in the iron. 

Exampie.—The incandescent lamp of Fig. 463,I7I is taking 0.5 amp. 
at 110 volts. What is its power consumption? Soxiurion.—P = EX I 
= 110 X 0.5 = 55 watts. 


779. Power Taken by an Alternating-current Circuit in Which 
The Current Is Not in Phase with the Impressed E.mf. will 
not, as will be shown, be equal to the product of impressed volts 
X amperes. In any alternating-current circuit which contains 
inductance, and consequently reactance, the current lags (Art. 


~£°Alternating- Current Generator y/nceindlescent Lamps... 
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Il-Electric ron II-Incandescent Lamp 


Fic. 463.—Examples in computing alternating-current power and power factor. 


716) behind the impressed e.m.f. Consider Fig. 464 illustrating 
conditions in a circuit which has just enough reactance that the 
current lags behind the impressed e.m.f. by 30 degrees. If the 
instantaneous currents at the different instants are multiplied 
by the instantaneous e.m.fs. at the same instants and a power 
curve is plotted through points representing these products, 
it will have the form shown in JV. Note that a portion of the 
power curve N; and N; lies below the zero line, because when a 
+ quantity is multiplied by a — quantity a — quantity results. 
The areas of these little loops (Ni and N.) represent negative 
energy or energy which is returned to the generator by the line 
and hence is not available for doing work in the circuit. Note 
that no power is required to “overcome” reactance. The vector 
diagrams IJ and JI show the voltage and resistance relations, the 
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angle of lag being the same in these as in the graph. It is evident 
then from a consideration of Fig. 464 that the power in an induc- 
tive alternating-current circuit is not equal to the product of 


InductionEME \'y 
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Fig, 464.—TIllustrating conditions for 86.5 per cent. power factor. Current lags 
30 degrees behind impressed e.m.f. 


effective volts X effective amperes because this product would not 
take into consideration the negative power (Ni and No, Fig. 
464) which is not available for doing work in the circuit. 
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Via, 465.—Showing how A.C. power is proportional to the product of available 
or energy e.m.f. and current. 


780. The Product of the Available or Energy E.m.f. Times the 
Current Gives Real Power.—Thus, in Fig. 465, if the instan- 
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taneous energy or active e.m.f. at different instants be multiplied 
by the instantaneous currents at different instants, the products 
will be the instantaneous power at those instants. Points can 
thus be determined through which the power curve can be com- 
» pleted as shown at JJ. The shaded areas within loops repre- 
sent, and are proportional to, the energy taken by the circuit 
because the current is always in phase with the energy or active 
e.m.f. The areas of the loops in Fig. 465,IJ, are equal to the 
shaded areas above the reference line in Fig. 464. 

Notr.—Ordinarily in alternating-current circuits the value of the energy 
e.m.f. is not known; only the values of the impressed e.m.f. and the current 
’ are known. But with these two values, and knowing the angle by which 
the current lags behind the impressed e.m.f., the power taken by the circuit 
can be readily computed, as will be shown. 

781. The Computation of the Power Taken by an Inductive 
Circuit may be made by using a vector diagram or a phase dia- 
gram, Fig. 466. The e.m.f. im- 
pressed on any inductive circuit 
is ‘used up” in two ways (Art. 
745): First, to impel the cur- 
rent in the circuit through its re- 
sistance and to force the current 
to do work; this part of the im- Ea TSAO 3 
pressed e.m.f. represents actual Fic. 466.—Phase diagram show- 
Romers(aeomalepa lie. 481), .Séc- ik, ve eee melstions Sa sap indie, 
ond, to overcome or neutralize the 
counter e.m.f. of induction in the circuit; this portion of the im- 
pressed e.m.f. does not represent actual power. Thus (Fig. 
466) if E be laid out to scale to represent the effective impressed 
e.m.f., it may be resolved into two components: (1) An induc- 
tion component H,, which merely neutralizes the counter e.m.f. 
of self-induction and hence does no real work and (2) the energy 
component H4, which impels current through resistance and also 
does work. The energy component must be in phase with the 
current, hence lags behind the impressed e.m.f. EH by the angle 
@. The vectors #; and EH, will be at right angles to one another 
because the current always lags 90 degrees behind the com- 
ponent of the voltage which neutralizes the counter e.m.f. of 
self-induction. Since Hy, is the only component available for 
doing work, it follows that the average power taken by the cir- 
cuit is equal to the product of effective current < the available 


guiredk 


to Overcome Reactance 
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r energy component of the effective e.m.f. (of the component of the 
f. in phase with the current) hence: 


he P= Eat (watts) 
but | 
(239) E,= EX cos¢ (volts) 
hence 

(240) P = [QE XX ces @ (watts) 
or 

(241) P=(U XX #) <cas¢ (watts) 


Wherein P = the power in watts taken by the circuit. J = 
effective current in the circuit.. EH = effective e.m.f. impressed 
on the circuit. Cos ¢ = cosine of the angle by which the 
current lags behind the impressed e.m.f. 


B=CxCos ¢ 
232 


aioe MaiperastDetonesarel tke aoe ae ? 
re Notation I-30 Deg. Base Angle blige 45 Deg, Base Angle WW-60 Deg. 
Fie, 467,—The cosine and problems involving its application. 


Norr.—Cos is the abbreviation for cosine. If the length of the hypot- 
enuse of any right-angled triangle be multiplied by the value called the — 
cosine of the angle (base angle) the length of the base will be the result. 
That is (Fig. 467,17) B = C X cos ¢. Obviously, there is a different cosine 
value for every different angle. For example, cos 30 degrees = 0.866, 7 
45 degrees = 0.707, cos 60 degrees = 0.500, etc. Complete tables of cosin 
values are given in handbooks and trigonometries. An abbreviated table 
is given in the author’s AmertcaAN Exscrrictans’ Hanppoox. See for 
comparison Art. 516 in regard to sines. 

ExampLE.—What is the length of base of the triangle of Fig. 467,/I 2 
SoLution.—From a table of trigonometric functions it is found that cos_ 
30 degrees = 0.866, hence B = C X cos ¢ = 39.3 X 0.866 = 34, which is 
the length of base. 

ExamrLu.—The cos of 45 degrees = 0.707, hence the length of base of 
III = 28.2 X 0.707 = 20. 

Examriu.—The cos of 60 degrees = 0.500.. Hence, in IV, B = C X cos 
@ = 23 X 0.5 = 11.5. 

Exampie.—In the cireuit shown in Fig. 438 the maton of reactance to 
resistance is such that the energy e.m.f. as shown at IJ TI, lags just 30 degrees 
(as may be determined by constructing the eupedanc or voltage-vector 
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diagrams, Art. 749) behind the impressed e.m.f. Now cos 30 degrees = 
0.866, Hence P = E XI X cos 6 = 100 X 50 X 0.866 = 4,330 watts = 
4.3 kw., which is the power being taken by the circuit shown. 

Examp.e.—Referring to Fig. 437 the lag angle 6 = 60 degrees. Cos 60 
degrees = 0.50. Therefore, the power being taken by this circuit = P = 
E Xi X cos ¢ = 100 X 50 X 0.50 = 2,500 watts = 2.5 kw. 

ExampLE.—Similarly, in the circuit of Fig. 436, 6 = 75 degrees, Cos 
75 degrees = 25.9. Hence, in this circuit, P = EH X I X cos ¢ = 100 X 
50 X 25.9 = 1,295 watts = 1.3 kw. 

Nortr.—In all of the last three examples the current and the impressed 
e.m.f. are the same but the power taken by the circuits decreases as their 
inductances—or reactances—increase. 

782. Power-factor is the name given to that quantity by which 
the product of effective volts and effective amperes in a circuit 
must be multiplied to obtain the true power in watts taken by 
the circuit. From equation (240) above it is evident that (for 
a circuit containing inductance) the power-factor is equal to the 
cos of the angle by which the current lags behind the impressed 
e.m.f. That is, power-factor = cos ¢. Hence, the greater the 
amount of inductance in a circuit, the lower will be the power- 
factor. Power-factor is expressed as a percentage. Refer to 
the author’s AMerican Evxcrricians’ Hanpsoox for a further 

discussion of the subject of power-factor. 

Nore.—Obviously the nature of the load on a circuit determines its 
power-factor. In practice the average values of power-factors for circuits 
with different kinds of loads will be approximately as follows: 


Incandescent lighting—no motors,............. 95 per cent. 

a onion etancdemrOtOns: see attri... ales kere ers oe 85 per cent. 

INI CLOTS POLY ee IME Ans tab sta. 6; « duets osaieielg chee dhe 80 per cent. 
If a circuit contains resistance only, its power-factor will be 100 per cent. 
and in such a circuit volts * amperes = true power (Art. 732). Power- 


factor can not be greater than 100 per cent. See the author’s AmpricaNn 
Execrrictans’ Hanppoox for a much more complete table of power-factors 
of circuits having loads of different characteristics. . 
783. The Formulas for Power-factor are for single-phase 
circuits (since cos ¢ = power-factor which can be expressed merely 


as p.f.) these: 


(242) Poel XE XK nf, (watts) 

Loge amp.) 

(243) Tie amp. 
: iF 

(244) K= aye (volts) 
P 


(245) pf. = IX (power-factor) 
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Wherein all of the symbols have the meanings given above. 
Examples of circuits of 100 per cent. power-factor are given 


in Fig. 463. 


ExAMPLE.—What is the actual power being taken by the multiple-arc- 


lighting circuit of Fig. 468. 


BES 


A.C. Supply 


A.C.Generator 


Volts 


Shromater 


Reads ? one 


I- Current =? 
Fie. 468.—Problems 


rent is 86 amp. and the power-factor of the load is 87 per cent. 


The impressed e.m.f. is 110 volts. 


_Noltmeter 
BS Read's 200 


Power is 


@ 68% 


The cur- 


re Lamp Load 
orn Factor is 87 7a. 


Alternating- 
Current a 


Reads 42kw. “Read's 220 Volts 
W-What Power Factor ? 


involving power factor. 


SoLutTIon. 


—Substitute in the formula (242):P = I X E X pf. = 86 X 110 X 0.87 = 


8,230 watts = 8.2 kw. 


Examrie.—tThe alternating e.m-f. 


circuit of Fig. 468,77 is 200 volts. 


NS 


Fia. 469 Ree conditions for 


inductive and current lags 90 degrees behind impressed elect 


2 kw. at 68 per cent. power-factor. 
2 kw. = 2,000 watts. Then substi 
Ex py. = 2,000 + (200 X 0.68) = 


Ae 


RAG LS ess iam 
180° 


impressed on the alternating-current 
It is known that the circuit is taking 


ae: 


Vi AG 
Baie 


ae ee ee ee 
210° \ 
Circuit is wholly 


360 
romotive force. 


zero (0) power factor. 


What is the current? Sonurron.— 
ituting in the formula (243): J =P +~ 
14.7 amp. 


Exampie.—In an alternating-current circuit feeding a motor (Fig. 468, 
ITI) the following readings are taken: Power = 42kw. E.mf. = 220 volts. 


Current 


= 225 amp. What is the power-factor? Sonurton.—42 kw. = 
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42,000 watts. Substitute in the formula (245): pf. =P + (I X E) = 
42,000 + (225 X 220) = 0.85 = 85 per cent. power-factor. 

784. The Power-factor of a Wholly Inductive Circuit would, 
if such a circuit could exist, be zero. Fig. 469 illustrates graphic- 
ally the conditions in such a circuit. Note that the area of the 
positive power loops above the reference line is the same as that 
of the negative power loops below the reference line, hence the 
net power taken by the circuit is zero. 


Norr.—Graph Fig. 469 is of theoretical interest only: It is apparent that 
no circuit can exist without some resistance. Some circuits, however, are 
almost wholly inductive. Therefore the conditions in them approximate 
those of Fig. 469. A circuit feeding the primary of a transformer, the sec- 
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Fig. 470.—Illustrating the meaning of the term 


“cc 


wattless current.” 


ondary of which is open, is almost wholly inductive. The same is true of a 
circuit serving an induction motor operating at no load. ‘The currents in 
such circuits are largely “watitless” (Art. 785). 


785. Wattless Current is the name given to that part, portion 
or component of an alternating current which may, when the 
situation is viewed in one way, be considered as being productive 
of no actual work. There is only one current—the line current 
—in a circuit and it is always in phase with the available or 
energy e.m.f. (Art. 735) but it is sometimes convenient to assume 
that this current comprises two portions or ‘“‘components:”’ 
(1) the power or energy component, in amperes (Fig. 473), which is 
of such value that when it is multiplied by the impressed e.m.f. in 
volts, the product will be the actual watts power taken by the cir- 
cuit; (2) the ‘wattless”’ component, in amperes, which, when multi- 
plied by the impressed e.m.f. in volts, will give the circulating 
power or reactive volt-amperes taken by the circuit. Thus, 
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Fig. 470,7, shows how the line current may be resolved graphically 
into so-called energy and wattless components; which must, 
because of their definitions, differ in phase by 90 degrees. Refer 
also to Fig. 471. Furthermore, the energy component, to satisfy 
its definition as given above, is in phase with the impressed e.m.f. ‘ 
The angle between the energy component of current and the line 
current is—(because the line current is always in phase with 
the energy component of e.m.f.) the same as the angle by which 
the line current lags behind the im- 

gs{-------- Ay pressed e.m.f. This angle may have 


[[-o-----7--75 of inaluction Component any value between 0° and 90° depend- 
iS A F y of Impressed EME h £ { t t { 
85 f*--mpressed EME ing on the ratio 0 resis ance o react- 
g8 | ance in the circuit. See Figs. 435 to 
BS, ; is ‘s 438, also Fig. 471. 

Rtg mae Examp.e.—Fig. 470,//, isa vector diagram 
cy \= illustrating the relation between the line cur- 


fl efenfomn fomntonne ey rent, “wattless current” and “energy cur- 
& f rent” for the problem of Fig. 472. The 
line-current vector AB was drawn propor- 
tional in length to 4,500 amp. AC was laid 
off 32 degrees (this being the lag angle) below 
AB and of indefinite length. BC was dropped 

senoden it arent from B perpendinulan of AC. Then the 
Te aa hotet oe length AC, which scales 3,825 amp. repre- 
sents the “energy” current and CB, scaling 

2,385 amp., represents the ‘‘wattless” cur- 

ny ty Rae eR Bee rent. AC could have been obtained by multi- 
Pee and current components plying AB bythe: cosine (nate unded Are 
of circuit, Fig. 429. 781) of 32 degrees; BC, by multiplying AC 

by the sine (Art. 516) of 32 degrees. 

786. The Effect of Low Power-factor in a constant- — 
circuit is to increase the current necessary for the transmission of 
a given amount of power over that current which would transmit 
the same power in a circuit of unity power-factor (a non-inductive 
circuit). That is, in circuits of low power-factor the “wattless”” 
current is considerable. This excess of current does not, in 
itself, represent an additional expenditure of energy, that is, 
it nee not require more coal burned under the boilers. It does, — 
however, involve slight additional energy expenditure because it 
increases the J? X R power loss in the conductors which it tra- 
verses. It has the further undesirable feature of decreasing, 
because of this same J?R heating effect, the effective capacities 
of the generators. See the AMERICAN ELEcTRICIANS’ HANDBOOK. 


Wattless-7~~ > 
Component 


Suc. 50] - POWER AND POWER-FACTOR 577 


787. Low Power-factor May Be Corrected by the installation 
of synchronous motors or synchronous condensers. Low power- 
factor in practice is frequently due to underloaded induction 
motors. 

788. The Practical Determination of the Power-factor of a 
Circuit may be made with an ammeter, a voltmeter, and a watt- 
meter. Alternating-current wattmeters always at any given 
instant indicate the product of the average instantaneous current 
wn a circuit X the average instantaneous energy e.m.f. at that in- 
stant, hence, they indicate true power. Ammeters and volt- 
meters indicate effeetive values and do not show anything in 

regard to phase relations. With 20 amp. in a circuit, the am- 

meter will read 20 amp. regardless of whether the current reaches 
its maximum and intermediate values at the same instant as 
does the voltage. That is, ammeters and voltmeters take no 
cognizance of phase relation. Hence, the product of volts and 
amperes as indicated by these instruments is (in circuits contain- 
ing inductance or permittance) apparent power taken by the 
circuit. The true power may be determined from wattmeter 
readings. Then the power-factor can be readily computed. 

Exampie.—Fig. 468,//7 and the accompanying solution gives an example 
of the foregoing. 

Exampue.—Fig. 472 shows an alternating-current circuit serving a mixed 
motor and lighting load. The power as indicated by the wattmeter, taken 
by the circuit is 420 kw. The impressed e.m.f. is 110 volts and the current 
is 4,500 amp. What is the power-factor? Sonution.—Kilovolt-amperes = 
(volts X amperes) + 1,000 = (110 X 4,500) + 1,000 = 495 kva. Now 
from equation (249): p.f. = kw. + kva. = 420 = 495 = 0.85 = 85 per cent. 
power-factor. 

789. A Vector Diagram Showing the Relation of True Power 
to Apparent Power may be plotted as suggested in Fig. 473. 
The general method involved is the same as that used in drawing 
impedance and voltage vector diagrams. 


ExameprLe.—In the problem of Fig. 472 the apparent power was shown to 
be 495 kva. and the true power 420 kw. Hence if a right-angled triangle 
(Fig. 473) be drawn so that the base is porportional in length to the true 
power, 420 kva., and the hypotenuse so that it is proportional in length to 
the apparent power, 495 kw., the angle ¢ between them will be the angle 
by which the current lags behind the impressed e.m.f. The cosine of this 
angle will then be the power-factor of the circuit. In the example illus- 
trated the angle ¢ is found to be 32 degrees and cos 32 degrees is, by refer- 
ring to a table, found to be 0.85. Hence the power-factor of the circuit is 
85 per cent. 

37 
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790. True Watts and Apparent Watts and True Power and 
Apparent Power are terms that are frequently used. The true 
watts or true power delivered to a circuit is the actual power P 
(as indicated by a wattmeter) which is being’ consumed in a 
circuit. True power may be expressed either in watts or in 
kilowatts. The apparent watts or power (which is always 


Noltmeter Reads IIOV Incandescent Lamps-, Motor. 


meee 
: Reads 4500 Amp. 
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Generator Reads 420 kw. 


Fig. 472.—Determination of the power factor of an alternating-current circuit. 


greater than the actual power in a circuit containing inductance 
or permittance,) is the product of the effective voltage impressed 
on the circuit times the effective current in the circuit. Apparent 
power may be expressed in volt-amperes or, in kilovolt-amperes. 
Hence it follows from equation (242) since I X E = apparent 
watts, and cos ¢ = power-factor (the following applies specifically 
to single-phase circuits) : 
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d=Lag Angle && 
2s 
=e 
So 
32 
Rasy 
“8 
& 
= 
LY 
REE SS 420 kW.-~=--~-s0sesennes > 7 


Fig. 473.—Vector triangle indicating relation of true to apparent power for 
problem of Fig. 472. 


(246) true waits = apparent watts X power-factor. 
(247) walts = volt-amperes X power-factor. 
(248) kilowatts = kilovolt-amperes X power-factor. 


Therefore, power-factor equals the ratio of true watts to apparent 
watts, that is: 


(249) power-factor = true watts _ watts : 
apparent watts volt-amperes 
kilowatts _ kw. 


kilovolt-amperes ——_ kva. 
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Norr.—The above can be graphically expressed by aright-angled triangle, 


Fig. 473 
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hich the base may represent watts, true watts, kilowatts, or 


‘yino419 


ajna.4poFty. 


kw., and the hypotenuse may represent, respectively, apparent watts, volt- 


Then the base angle, ¢, between them 


amperes, kiolvolt-amperes, or kva. 


580 PRACTICAL ELECTRICITY [Art. 791 


‘will be the lag angle. The cosine of this angle, ¢ which is numerically 
equal to the ratio between the hypotenuse and the base, is the power-factor. 


791. Power-factor Due to Combined Inductance and Permit- 
tance in a circuit can be computed on the basis of the method 
suggested in Fig. 458. 


Nors.—A hydraulic analogy to the effect of inductance in a direct-current 
circuit is suggested in Fig. 474, the inertia of the fly-wheel being analogous 
to the inductance of an electric circuit. The flywheel, by virtue of the 
blades of the water motor to which it is attached, tends to oppose the 
starting of a flow of current in the circuit. That is, it introduces a counter 
pressure for the period during which the flow of water is being started. 
After the flywheel has attained its speed, that is, when the flow of water 
has attained its normal value, the only counter flow then offered is due to 
the frictional resistance which is analogous to electrical resistance. Simi- 
larly, if the belt were thrown off the centrifugal pump, so that it no longer 
exerted an impelling force in the circuit, the inertia of the flywheel acting 
through the blades of the water motor would continue the flow of water in 
the circuit, after the driving power had been discontinued from the pump. 
Note that the inertia of this hydraulic circuit is not due to the current of 
liquid in it, because the liquid is supposed to be weightless. 

Nors.—A hydraulic analogy to inductance in an alternating-current 
circuit is illustrated in Fig. 475. The inertia of the flywheel acting through 
the blades of the water motor tends to oppose any change in the rate of 
flow of the weightless liquid, which is analogous to electricity. If the rate 
of flow tends to increase, the inertia of the flywheel opposes it. On the 
other hand, if the current tends to decrease or change in direction, the fly- 
wheel acting through the water-motor blades also opposes such changes. 


792. Power-factor Due to Permittance or Capacitance is a 
quantity that applies to permittive circuits in a way similar to- 
that in which power-factor, due to inductance, applies to in- 
ductive circuits. However, since the charging current due to 
permittance is leading, the power-factor due to permittance is a 
leading power-factor, while that due to inductance is a lagging 
power-factor. 


Norr.—Leading power-factors of appreciable value are seldom en- 
countered in circuits excepting these operating at relatively high voltages. 
Leading power-factors can be produced in a circuit by operating an over- 
excited synchronous motor or “condenser”’ in the circuit. Hence with a 


synchronous motor or condenser lagging power-factor in a circuit can be 
neutralized. 


SECTION 51 


POLYPHASE CIRCUITS AND SYSTEMS 


793. A Polyphase System is one of more than one phase (Art. 
685). A polyphase circuit is one for transmitting electrical 
energy in a polyphase system. There are two important poly- 
phase systems: (1) the two-phase and (2) the three-phase. 

Notr.—Polyphase systems are used for two reasons: (1) because they 
are more economical than the single-phase (Art. 687), and (2) because in- 


duction motors, which are of very simple, rugged and reliable construction 
—they require no commutators—can be used with them. 
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Fie. 476.—Phase diagram and graphs for the e.m.fs. produced by a two-phase 
alternating-current generator. 


794. Two-phase or Quarter-phase is a term (A. I. E. E. 
STANDARDIZATION Ruuxs) which characterizes the combination 
of two circuits, each energized by alternating e.m.fs. which differ 
in phase by a quarter of a cycle, 7.e., by 90 degrees (see Fig. 476). 
Hence, with a two-phase e.m.f. or two-phase current, there are 
at any instant two “phases” (Art. 685). While two-phase 
systems are not used as frequently as formerly, an understanding 
of the principles underlying them is essential. ; 

795. The Production of a Two-phase E.m.f. obviously con- 
sists in the generation of two alternating sine-wave e.m.fs., 90 
legrees apart, as shown in Fig. 476. Each of these e.m.fs. 
nay, as shown in Fig. 477, be impressed on its own separate cir- 
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cuit. A single-phase e.m.f. (Art. 687), may be produced by 
rotating a suitably arranged magnetic field within a properly 
disposed core on which is wound the alternating-current armature 
winding. In Fig. 478 this construction is diagrammatically indi- 
cated. ‘Two, single-phase alternating-current generators could 
be made to produce a two-phase 
ee field —_ e.m_.f. if their rotating parts were 
oooh yPhosel firmly keyed to the same shaft 
: so that the 90-degree phase rela- 
tion would be preserved. How- 
ever, it is more economical to 
arrange both of the phase wind- 
ings on one frame, that is, to in- 
corporate them in one machine, 
rather than to use two frames. 
With two-phase, as with single- 
phase, revolving-field alternator. phase, alternating-current gener- 
ators there are two general 
types: revolving-armature generators, Fig. 479; and revolving- 
field generators, Fig. 477. 
796. Really Two Separate Single-phase E.m.fs. Are Produced 
by a Two-phase Generator.—These may, as above noted, be 
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Fie. 478.—A sixteen-pole, single-phase, revolving-field alternator and its exciter. 


used to impel two different currents in two distinct circuits. 
However, it is advisable sometimes to combine or interconnect 
the two circuits in a manner which will be described later. 
797. A Revolving-armature, Two-phase Generator is shown 
diagrammatically in Fig. 479. If the armature winding of any 
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direct-current generator is tapped at four points 90-electrical 
degrees apart, as shown in Fig. 479,I, and each of these taps is 
connected to a collector ring, an e.m.f. will be impressed across 
each of the pairs of rings, which will differ in phase by 90 degrees 
from the e.m.f. impressed on the other pair of rings. This 
follows from the principles outlined in Arts. 702 and 703. Hence 
a bipolar direct-current generator can be converted into a two- 
phase alternating-current generator by arranging on, but insu- 
lating from, its commutator four collector rings. Each of these 
collector rings is connected to a commutator bar by a screw 
passing through the ring and into the bar. However, the four 
bars must be 90 degrees apart in the commutator as shown in 
Fig.479,II. Revolving-armature, alternating-current generators 
are seldom used except for machines of very small capacity. 
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Fie. 479.—Illustrating methods of obtaining two-phase currents from a bipolar, 
revolving-armature generator. 


However, the principle involved is frequently utilized for rotary 
converters. ; 

798. Revolving-field, Two-phase Generators are the most fre- 
quently used. Fig. 477 illustrates the principle. It is obvious 
that if the field core, NS, which is excited with direct current, is 
rotated at a uniform speed, it will induce in the set of coils AC 
an e.m.f. which will differ in phase by 90 degrees from that in- 
duced in the set BD. Note that to satisfy these conditions the 
armature coils must be located 90 electrical degrees apart. The 
rangement of a practical two-phase, revolving-field generator 
s shown in Fig. 480. Note that the distance between the centers 
f similar field poles, for examples S and S, constitute 360 elec- 
rical degrees and that the sides of the armature coils are on this 
yasis located 90 degrees apart. Consideration will show that 
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the principle of operation of the generator of Fig. 480 is the same 
as that outlined diagrammatically in Fig. 477 and that the e.mf. 
induced in phase 1 (the black set of coils) will differ in phase by 
90 degrees from that induced in phase : 
2 (the cross-hatched set). — 


Note.—A Hypravunic ANALOGY OF A 


Two-pHAsE, Four-wirE ALTERNATING-CUR- Ts 
RENT GENERATOR AND CrRcuIT is shown in y S 
Fig. 481. The two reciprocating pumps are € hs 
analogous to two single-phase, alternating- Re 32 
current generators or, with their gear drive, 8 §s 
to one two-phase, alternating-current gener- x x 


ator, and the two pipe circuits are analogous 
to the two distinct electrical circuits of a 
two-phase, four-wire system. Note that the 
circuits and “‘ generators” are precisely iden- 
tical except that there is a definitely fixed 
difference of 90 degrees in the loeations of the 
two cranks, C; and C2, which drive the two 


Phase 2 


“Phase! 


pumps. Study Fig. 481 in connection with 8 
Fig. 476 and note that at the instant pic- ot Sy 
tured in Fig. 481 when the current of fluid N83 Ss 
in phase 2 is being impelled at maximum 2 Ss 
velocity, that is, the current intensity is a SS Ss 
maximum (piston head passing through 33 fr NS 
center of stroke) in the direction shown by ¥ a ' a 
the arrows the fluid in phase 1 is at rest, that a 

is, at this instant the current is zero in phase Ry S$ 


1. This corresponds with the 180 degree 


Rotation - 
Fie. 481.—Hydraulic analogy to a two-phase, four-wire, alternating-current generator and circuit. _ 


“Direction of 


hy 


Revolving Field 
Fia, 480.—Diagrammatic representation of an 
eight-pole, two-phase revolving-field alternator. 


instant in Fig. 476, where the voltage in phase 1 is at zero (X), and the 
voltage in phase 2 is a maximum (Y), in the negative direction. If the 
analogy be followed further, it will be found that the fluid currents in 
the two circuits of Fig. 480 will increase and decrease in intensity and 
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change in direction precisely as is graphed in Fig. 476,17, which, though 
it shows graphs of the e.m.fs., can also be taken as representing graphs 
of a two-phase current. 


799. There are Two Commerical: Methods of Connecting the 
Phase Windings of two-phase generators. In the two-phase, 
four-wire system of Fig. 482,J7, each of the two groups of arma- 
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Fie. 482.-Two methods of connecting two-phase-generator armature windings. 


ture coils is connected to its own distinct external circuit. The 
hydraulic analogy of this arrangement is shown in Fig. 481. 
In the two-phase, three-wire system of Fig. 482,J, the two groups 
of armature coils are connected in series within the generator as 
shown. Connections to the external circuit are made from the 
junction point A of the two groups of coils and from the un- 
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Fic. 483.—Hydraulic analogy to a two-phase, three-wire, alternating-current 
generator and circuit. 


joined ends B and C of the two groups. Fig. 483 delineates a 
hydraulic analogy of a two-phase, three-wire circuit. 

800. The Voltage and Current Relations in a Two-phase, 
Four-wire System may be determined by inspection Fig. 482,/7 
by noting that each phase or circuit may be treated as if it 
were a separate circuit as shown in Fig. 484. Then, assuming 
that the load is equally balanced on each of the two phases: 


586 PRACTICAL ELECTRICITY [Art. sof 


(250) Ec = Ex (volts) 
and : 
(251) Ie = (@amp@ 


Wherein EH, = the e.m.f. impressed across the line wires. He =~ 
the e.m.f. induced in each set of armature coils. J, = the cur- 
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Fia. 484.—Example of balanced two-phase, four-wire circuit. 


rent in each line wire. J¢ = the current in each set of armature 
coils. 

801. The Voltage and Current Relations in a Two-phase, 
Three-wire System, Fig. 485, may be determined by an inspec- 
tion of Fig. 482,7. The voltage Ho between the two outside 
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Fra. 485.—Example of balanced two-phase, three-wire circuit. { 


wires will equal the vector sum of the voltages Ee + Ee (or 
Ei, + Ex) induced in each set of armature coils. These two 
voltages (He and He) can not be added directly, since they differ 
in phase by 90 degrees but they can be added vectorially as 
shown in Fig. 476,J. Since the voltages are equal in intensity 
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and differ in phase by 90 degrees their sum will be proportional 
to the length of the diagonal of a square. Now the diagonal 
of a square always equals 1.41 times the length of one of its sides. 
Hence: 


(252) Eo = 141 X Ec = 141 X E, (volts) 


The middle wire AN (Fig. 482,I) is similar to the neutral wire 
of a three-wire system in that it carries the currents of both of 
the phases. However, these currents differ in phase by 90 
degrees and therefore can not be added directly. Obviously, 
their vector sum equals 1.41 times the current in the outside 
wires. Then referring to the circuit diagrams of Figs. 482,/, 
and 485: 


(253) I, =I¢ (amp.) 
and: 

(254) E, = Ee (volts) 
(255) iyo LAL TiAl <I, (amp.) 


802. The Relations Between Power, Current, Voltage and 
Power-factor for any balanced, two-phase circuit follow from the 
fact that a two-phase circuit is merely two single-phase circuits. 
That is: 


(256) P=a2K 1, kK EX pf. (watts) 
and: x 
0.50 X 
(257) I, = aera (amp.) 
hence: 
Ps _ 0.50 XP 
(258) f= In X pf (volts) 
therefore: 
he 
(259) pj. = IxXLXE, (power-factor) 


Wherein J; = current, effective, in outside wires, in amperes 
P = the power transmitted, in watts. EH = the pressure between 
phases, in volts. p.f. = power-factor. Note that the total 
power is equal to the sum of the power in the two phases, so that 
in making power measurements where the load is unbalanced 
sither a wattmeter must be used in each phase, Fig. 486,/, or a 
pwo-phase wattmeter, which automatically adds the power of 
ooth phases, can be employed. 
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Exampie.—Fig. 487 illustrates the application of the above equations 
from two problems. 


803. Three-phase is a term (A. I. E. E. STANDARDIZATION 


Russ) characterizing the combination of three circuits energized 
by alternating e.m.fs. which differ in phase by one-third of a 


T-Four-Wire Circuit I-Three-Wire Circuit 


Fic. 486.—Wattmeters for measuring power in two-phase circuits. 


cycle, 7.e., 120 degrees. That is with a three-phase e.m.f. or 
current there are at any instant three “phases.” The three-~ 
phase is the most widely applied of all polyphase systems because 
of its economy and adaptability (Art. 820). 
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Fia. 487.—Illustrating e.m.f. and current relations in two-phase circuits, 


804. To Produce a Three-phase E.m-f., Fig. 488, it obvigual 
follows from the definition given above that it is only necessary 
to generate three sine-wave-form e.m.fs. which differ in phase 
by 120 degrees. As with single-phase and two-phase systems, 
the generators for developing these three-phase e.m.fs. may be. 
either of the revolving-armature, Figs. 484 and 490, or of the 
revolving-field, Figs. 491 and 492, types. 
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805. A Three-phase E.m.f. Really Comprises Three Separate 
E.m.fs.—Likewise, a three-phase current comprises the three 
separate currents impelled by these three e.m.fs. Hence, it is 
perfectly feasible to develop a three-phase e.m.f. with three 
single-phase generators, the shafts of which are rigidly coupled 
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Fig. 488.—Phase diagram and graphs for the e.m.fs. produced by a three-phase 
alternating-current generator. 


together so that the 120-degree phase relation between the 
e.m.fs. developed by each of the three machines would be pre- 
served. However, it is much more economical of material to 
combine the three sets of armature coils for the development of 
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Fig. 489.—Showing methods of obtaining three-phase currents from a bipolar, 
revolving-armature generator, delta connection. 


these three e.m.fs. into one machine. Therefore, this is the pro- 
cedure always followed in practice. 

806. The Principle of the Three-phase Generator is suggested 
in Fig. 491. If three different sets of armature coils be mounted 
in a frame 120 electrical degrees apart and a magnetic field 
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arranged as shown (NS, Fig. 491) is caused to rotate within them, 
it ig obvious from a consideration of the principles outlined in” 
Art. 708 that three e.m.fs. will be induced, one in each set of 
coils, which will differ in phase by 120 degrees as shown in Fig. 
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Fia. 490.—Bipolar-machine, ring- 
wound armature connected in Y 


Fie. 491.—Elementary, two-pole, three- 
phase revolving-field alternator. 


488. Furthermore, if three sets of overlapping armature coils be 
arranged with their sides 60 electrical degrees apart as shown in 
Fig. 492, three e.m.fs. which differ in phase by 60 degrees, Fig. 
493, will be produced by rotating a properly arranged field mag- 
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Fia. 492.—Diagrammatic representation of an eight-pole, three-phase, Y- or 
star-connected, alternating-current, revolving-field generator. 


net within the structure. If the terminals of the coil group 0 
phase 3 be reversed then three e.m.fs. differing in phase by 
120 degrees, Fig. 488, will be impressed on the external circuit. 

807. Revolving-armature, Three-phase Generators are now 
seldom used except for small machines, possibly those of capacities — 
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of 25 kva. or less. It follows from a consideration of the principles 
of electromagnetic induction (Arts. 702 and 703) that, if a direct- 
current-generator armature winding be tapped at points 120 
electrical degrees apart as shown in Fig. 489 and each of these 
tap wires is connected to a collector ring, a three-phase e.m.f. 
will be impressed on these rings. This can be accomplished with 
a bipolar machine as shown in Fig. 489,I7, by using three col- 
lector rings tapped to three equidistantly spaced commutator bars 
after the manner hereinbefore described. Fig. 489 shows the 
delta method of connection which will be described later. The 
Y-method of connection, also described later, is shown in Fig. 
490. 

808. A Revolving-field, Three-phase Generator is illustrated 
diagrammatically in Fig. 492. The armature winding is sta- 
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Fia. 493.—Phase diagram and graphs of the e.m.fs. produced by a three-phase, 
alternating current generator before the winding of phase 3 is reversed. 
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tionary and the field structure which is excited from a direct- 
current source—usually a small direct-current generator exciter 
—is rotated within the armature. Note that the distance be- 
tween adjacent similar poles, that is from N to N or S to S, 
constitutes 360 electrical degrees. Besides, the armature coils 
are 60 degrees apart, while the distance between similar sides 
of the different coils is 120 degrees. 

Notrzr.—A Hypravuric ANALOGY OF A THREE-PHASE GENERATOR AND 
Circuit is shown in Fig. 494. Each’ of the three reciprocating pumps is 
analogous to a single-phase generator and the combination of the three and 
their gear drive is analogous to a three-phase generator. The three hy- 
draulic circuits are analogous to a three-phase, six-wire circuit. The only 
difference between each of the three generators and its circuits is that the 
cranks driving the three pumps are so geared that there is always a “phase”’ 
difference of 120 degrees between them. ‘The instant pictured in Fig. 494 
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corresponds to the 180-degree phase of Fig. 488. That is, at this instant 
the piston of phase 2 is stationary and there is no current of water in its 
pipe circuit. This corresponds to point Y in Fig. 488. The fluid current 
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Fic. 494.—Hydraulic analogy to a three-phase, six-wire, alternating-current circuit and generator. 


in phase 1 is decreasing in the negative . 
direction, Z, Fig. 488, and the fluid 
current in phase 3 is increasing, X, 
Fig. 488, in the positive direction. If 
the analogy is followed further it will be 
found that the graphs of Fig. 488,//, 
indicate just how the fluid currents in 
the three different pipe circuits would 
increase and decrease in intensity and 
change in direction individually and in 
relation to each other as the three 
pumps are driven by the large gear. 


809. There Are Two Methods 
of Connecting the Windings of 


Three-phase Generators and, in 
general, there are two methods of 


Vic. 495.—Ammeters and voltmeters in 
a three-phase, Y-connected circuit. 


connecting devices of any sort to- 
a three-phase circuit. They are 

(1) the Y-connection, Fig. 495, and 
(2) the delta connection, Fig. 
496,17. Most generators have 
their coils Y-connected but it is” 
ordinarily impossible to determine 

from an external inspection of a 

machine whether it is Y- or delta-_ 
connected. Machines connected — 


in either way can be made to provide the same performance, but 
for a given voltage impressed on the line the armature coils for 
a Y-connected machine must be different from those for a delta- 

connected machine, as will be shown. 
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~ Notse.—Turer-pHase Vecrors Convention.*—A feature which some- 
times gives some difficulty is the selection of positive directions. Any selec- 
tion will do as long as it is consistently adhered to. Thus, it is convenient 
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T-Elementary Connection I-Conventional Diagram 
Fie. 496.—Illustrating the delta (A) connection of generator or receiver coils. 


to consider the counterclockwise direction around a delta, and the direction 
out from the neutral point of a Y as positive. Confusion can be avoided 


Iss! Eas 
Fia. 497.—Delta connection and corresponding phase diagram, 


by following a simple convention. Draw a diagram of the circuit and letter 
all intersections. It is helpful to arrange these diagrams to correspond to 
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Fie. 498.—Star or Y connection and phase diagram. 


the shape of the vector figure. When a vector is drawn and lettered, use 
two subscripts denoting the points between which the current flows or vol- 


* R, H. Willard, in Etucrric JOURNAL. 
38 
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tage exists. Thus in Fig. 497, Hz represents the difference of potential be- 
tween A and B, A being the higher. Hg. represents the difference of pote: 
tial between B and A which is equal and opposite to Hag. In other wor S, 
Eas = — Ega. The same is true of currents. If the current in a line ig 
desired, say BB’ add J4p and Icg since both these currents feed into B and 
Tze’, feeds out. If the currents are in phase with the voltages, the vector 
Ize’, the sum of Jaz and Icg, Fig. 497. will represent the current in BB’. 


c 


I-Diagram Il-Incorrect W- Correct 


Fie. 499.—Vector diagram of currents and correct and incorrect methods of 
showing the instantaneous currents in a star connection. 


Fig. 498 shows a star generator. If voltage Ec is desired, add Eso 
and Eoc. If the current in the neutral of a balanced star is desired I oo = 
Ton + Ioc + Ioa. Using vector addition, this gives zero as the current in 
the neutral, if the currents in the phases are equal and at the same power- 
factor. 

Care must be taken not to confuse vectors with instantaneous currents 
or voltages in the windings. In Fig. 499, I represents by vectors the cur- 


“sy fr 
Armature: 
Coils of * 
Generafor 


Es 


Fie. 500.—Armature coils of a Fra. 501.—Coils ofa three-phase gener- 
three-phase generator. Coils not ator connected in Y or in star. 
interconnected. 


rents in a star, but at no instant is the current flowing as in JJ for the 
current flowing in from C to O ata given instant flows out from O to B and 
O to A as shown at III. That is, for instantaneous currents, Kirchofi’s 
law holds, the algebraic sum of all currents flowing to a point is zero. 


810. The Y-connection of phase windings or coils is indicated 
diagrammatically in Fig. 495. A three-phase generator or de- 


vice may be represented by a diagram like that of Fig. 500 in 
which each of the three sets of coils AB,, AB, and AB; represents 
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one of the sets of armature windings in which an e.m.f. is induced. 
However, the number of line wires may be reduced to four as 
shown in Fig. 501, by using a common return wire AJ; for all 
three of the circuits, and by connecting it to a junction, A, of 
the three sets of coils. However, if the three circuits are bal- 
anced, that is, equally loaded, as they usually are in practice— 
approximately at least—then no current would flow in the neutral 
wire, Aly; hence it can be omitted as diagrammed in Fig. 495. 
811. Why the Neutral Wire of a Y-connected Circuit May be 
Omitted is suggested in Fig. 502, which indicates the conditions 
existing in a three-phase circuit at a certain instant. It is as- 
sumed that the e.m.f. induced in each of the three sets of arma- 
ture coils AB,, AB; and AB; has a maximum instantaneous value 
of 100 volts. Each of the three load components, Li — M1, 
L, — Ne, and L3 — Nz, has a resistance of 10 ohms. At the 
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Fie. 502.—Instantaneous currents at a certain instant in three-phase (Y-con- 
nected) circuits. 


instant shown in Fig. 502, which corresponds to the 330-degree 
phase of Fig. 488, the e.m.f. impressed on phase | is a maximum 
(Ec) or 100 volts. The e.m.fs. impressed on phases 2 and 3 are 
then each one-half maximum (W) or 50 volts, but are in opposite 
direction from that of phase 1. Since the resistance of the 
load in each of the phases is 10 ohms, the currents of the instant 
pictured will be 10 amp., 5 amp. and 5 amp., respectively, as 
shown. ‘Therefore, Fig. 503 indicates a graph of the three- 
phase current in this circuit, the conditions of Fig. 502,/, corre- 
sponding to the 90-degree phase (VW) of Fig. 503. Now, if a 
common return wire, AN, is provided as shown in Fig. 502,/J, 
there would be a tendency for a current of 10 amp. to flow in it 
toward the left, and also for a current of 5 amp. + 5 amp., = 
10 amp., toward the right. The consequence is that these 
tendencies neutralize and that there would be no current in the 
neutral wire, therefore it is unnecessary. Now, while Fig. 
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502 pictures conditions for only one instant, it is evident from 
a study of the graph of Fig. 503 that in a three-phase circuit the 
current in one of the phases is always equal and opposite to the 
sum of the currents in the other two phases, which indicates why 
there is no occasion for a return wire. For example, (Fig. 503), 
at the 120-degree phase, the current represented by the ordinate 
PQ (8.5 amp.), is equal-and opposite to the current represented 
by the ordinate QR. Also, at the 150-degree phase, ST + ST 
is equal but opposite to TU. 

812. The Voltage and Current Relations in a Star- or Y- 
connected Three-phase Circuit are indicated in Fig. 501. It 
is evident that the current in each one of the three coils AB, 


NUN DAD 
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Fra. 503.—Graphs of the three currents in a three-phase circuit. (Maximum 


e.m.f. = 100 volts; resistance of load = 10 ohms. See Fig. 502 for circuit dia- 
grams.) 


AB, and AB; must be the same as the current in the line wire 
attached to it. The voltage impressed on any pair of line wires, 
for instance on line wires 1 and 2, must be equal to the sum of | 
the voltages induced in the two coils which are connected in- 
series between these two wires. For example, the voltage im-_ 
pressed across B,- Bs, Fig. 501, is equal to the sum of the e.m.f. 
induced in AB, plus that induced in AB». However, since these 
voltages differ in phase by 120 degrees they can not be added — 
arithmetically. They can, however, be added vectorially and- 
then, as is shown in the following paragraph, their resultant = 
1.73 times the voltage generated in either coil. That is, for a_ 
Y-connected circuit, the following equations must hold: 


(260) losis (amp.) 
(261) | Ey, = 1.73 X Eg (volts) 
é 
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Therefore 


(262) Eo 
| 


It is evident that the voltage from either one of the three line 
wires to the neutral wire, if one is provided, must equal the 
voltage induced in each coil, that is: 


(263) Ey = Ec ; (volts) 


Wherein, assuming balanced load and effective values of current 
and e.m.f., J; = the current in any one of the three line wires. 
I< = the current in any one of the three-phase windings or coils 
which are connected in Y. EH, = the e.m.f. impressed between 
any pair of the three line wires. Hc = the e.m.f. induced in or 
impressed on any one of the three-phase windings or coils. 


E 
= [79 = 0.58 X Ex _ (volts) 


B 
T-D.C.Reversed 
¥ 2 Oe ce 


of 7 Ey \ 
) T-Vector Addition W-Vector Subtraction 


Fic. 504.—Method of determining voltage across two coils in series, the e.m.fs. in 
which differ in phase by 120 degrees. 


Ey = the voltage between any one of the three line wires and 
the neutral point, or between any one of the line wires and the 
neutral wire, if such is used. Fig. 495 indicates the reference 
letters above used, on ammeters and voltmeters properly arranged 
in a three-phase Y-connected circuit. 

813. Why the Line E.m.f. in a Y-connected Circuit Equals 
1.73 Times the Coil E.m.f. follows from a consideration of Fig. 
504. AB and CD represent two different coils in each of 
which are induced equal voltages. However, the voltage, Hi in 
AB lags 120 degrees behind H2, in CD. If the coils are con- 
nected as shown at J then the vector sum of the voltages fi 
and Ey» will be, as is evident from the vector diagram of Ti 
proportional to the length of the resultant vector OF4. Now 
OF, (since it is the resultant of two equal vectors 120 degrees 
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apart) is equal to OF, and to OH#;. Hence the sum of the 
e.m.fs. ZH; and E2, with the coils connected as shown at J, is the 
same as their e.m.fs. taken singly. : 

If, however, one of the coils, DC, be reversed as at JII, the 
e.m.f. in CD being equal to that 
in AB, but leading it by 126 
degrees, this is equivalent to 
reversing the e.m.f. (Reversing 
the coil which generates an 


e e.m.f. changes its phase relation 
ae o to the other two coils by 180 
a % degrees.) Then Es will be the 


crea 0p 
£.. 


rs vector difference of #, and Ez 
; iseuseremuen ) rather than their vector sum. 
~*~ Z The vector diagram for the sum 

Fie. 505.—EKquilateral triangle in- of Ey, and E, then becomes that 
dicating voltage relations in a three- shown in J ie where the vector 
pene, Y-connected circuit. OE; is proportional in length to 
the difference of OH, and OF;. Now, the angle A is obviously 
one-half of 60 degrees or 30 degrees and ON equals, then, cos 
30 degrees X Fy, and OE; = 2 X cos 30 degrees X EF. Cos 
30 degrees is 0.866; therefore OF; or E; = 1.73 X EF, = 1.73% 
Ey. Therefore, since in a Y-connected three-phase generator 
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I - Y-Connected * I-Delta(4)-Connected z 
Fie. 506.—Incandescent lamps connected in delta and in Y. 


any of the groups of two coils which are in series between the line 
wires are reversed relative to one another as at ITI, the em. 
impressed on the line wires of such a machine equals: 1.73 X 
the e.m.f. induced in each of the sets of coils. The relations just. 
suggested can be conveniently shown by an equilateral triangle, 


Fig. 505, the sides of which are proportional in length to the 
voltage between the line wires, 
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ExamPLe.—With a group of three sets of four incandescent lamps each, 
connected in Y across a 110-volt circuit, as in Fig. 506,J, what e.m.f. will 
be impressed upon each set? SoLution.—Substitute in equation (262) Ec = 
0.58 X Ht X 0.58 = 110 = 63.8 volts. 


814. The Power in a Y-connected Circuit may be determined 
as follows: It is evident from the power relations in a single- 
phase alternating-current circuit that the power P,, developed 
in any one-phase winding of a three-phase generator is: ; 


(264) dE => Ke << Ie ee Da. (watts) 


But from equation (262): Ho = EH, + 1.73 and from (260): 
Ic = I,. Substituting these values in (264), the power developed 
in any one coil is 


E 
(265) P, = ee Sele xX pS: (watts) 


Since, with a balanced load, an equal amount of power is 
developed in each of the three-phase windings, the total power 
will be three times that developed in one winding, or: 

EH, x I; x pf. 
1.73 


6s) P= 3 x | WP iiaha Es x I, x py. 


(watts) 


815. The Delta Connection of Phase Windings or Coils is indi- 
cated at Figure 496,/7, where I 
shows the elementary diagram 
and IT thesimplified arrangement. 
It might be assumed that since 
the three windings form a closed 
circuit, current would circle around 
in it but such is not the ease be- ,72%207fnstantancous curents, 
cause the resultant sum of the connected three-phase circuit. 
voltages which differ in phase by 
120 degrees in the three windings, is at every instant zero as 
will be evident from a consideration of the graphs of Fig. 488. 
That is, the voltage in one phase is at any instant always equal 
and opposite to the sum of the voltages in the other two phases. 
If, however, three line wires are connected to these phase wind- 
ings, one to each of the junction points between windings as 
shown in Fig. 496,/7, then alternating e.m.fs. will be impressed 
on the external circuit and a three-phase current will be forced 
through the circuit if it is closed. 

Exampise.—Fig. 507 shows the instantaneous currents in the circuit 


ox /00V ->pp 
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shown at the instant at which the e.m.f. in coil B:B;is a maximum. Note 
that at this particular instant the current in Bil; is 15 amp., but that it is 
opposite to the current of 15 amp. in B;L;. At this instant there is no cur- 
rent in B.L:. This example verifies the statement previously made that, 
in a three-phase circuit, the current in some one of the line wires is at -— 
instant always equal and opposite to that in the other two. 

816. Voltage and Current Relations in a Delté-conn eae 
Circuit are shown in Fig. 496. It is evident that the voltage 
impressed between each of the two line wires is equal to the 
voltage induced in each phase winding because the line wires 
are connected directly across the phase windings. It is also 
evident that the current in each one of the line wires is the sum 
of the currents in two of the phase windings. However, these 
currents, since they differ in phase by 120 degrees, can not be 
added directly but must be added vectorially, somewhat as 
suggested in Fig. 504,JV. Hence it follows that for a three- 
phase, delta-connected circuit: 


(267) Ec = E, (volts) 

(268) I. =TIe X 1.73 (amp.) 
I, 

(269) Ie= = 1.73 — 0:58 X I (amp.) 


Wherein, assuming balanced load and effective values of current 
and e.m.f., all of the symbols have the same meanings as used 
in the Y-connection demonstrations. : 

Exampie.—In the circuit of Fig. 506,/7, each of the three groups of 110- 
volt incandescent lamps, takes 4amp. What is the current in the line wires 


UV, WX and YZ? Soxvurion.—Substitute in the formula (268): In = 
Ic X 1.73 = 4 X 1.73 = 6.92 amp. 


817. The Power Developed in a Delta-connected Circuit can 
be determined on the basis of the explanation hereinbefore given 
for the determination of power in a Y-connected circuit. Ob- 
viously in a delta-connected circuit the power developed by each 
phase winding is (Art. 783): 

(270) P, = Ec X Ic X pf. (watts) 


gies, equation (267): Eo = HE, and equation (268): I¢ = 
+ 1.73, hence, substituting these values in (270): 


Ii 
(271) Pi = bps fea Sis (watts) 


Then the total power, P, for the three windings must be; 
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ye 
(272) P=3XELX os paps. = 1.78 <n xd, xX pf. .(watte) 


818. The Three-phase, Four-wire System, Fig. 508, is now 
being used to a considerable extent, principally for the distribu- 
tion of electrical energy for light and power in cities. Such a 
system is, as suggested, served by a three-phase, Y-connected 
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e Yfonn ached Transformer 
r 


Fie. 508.—Illustrating diagrammatically the three-phase, four-wire system. 


generator and is precisely like any other Y-connected system 
except that the neutral wire NV; — N» is carried out from the 
machine and along the line with the other three wires. The 
system permits the use of a transmission voltage 1.73 times the 
voltage impressed on the transformers, a material economy in 
copper for the same power loss—or a material decrease in energy 
lost for the same amount of copper—resulting. 
Balanced Three Fhase 


{Load Which May Be Either _ Three-Phase 
i dorY-Connected (F) Generator 32 


a ee" | @ 
} im ) 
‘D) es 2 
(E) Eprom 
; (i) 


Via. 509.—Typical three-phase circuit. 


May be dor Y-" 


Connected 


Exampie.—lIn the three-phase, four-wire system of Fig. 508, the trans- 
formers are connected between the outside wires and the neutral wire, the 
pressure on their primaries being 2,200 volts. However, the pressure be- 
tween the phase wires, A, C and B equals 1.73 X 2,200 volts, is 3,800 volts. 
Since with a balanced load, and it is usually so—approximately at least— 
in practice, there is no current in the neutral wire, the energy’ is really, in 
the circuit shown in the illustration, transmitted at 3,800 volts. 


819. Power and Voltage Relations for Any Three-phase Cir- 
cuit which may be either Y- or delta-connected are given in the 
equations below which refer to the symbols of Fig. 509. Note 
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from the two articles preceding, which indicate how the power 
may be determined in delta- and in Y-connected circuits, that 
the final equation is the same for both of these circuits; hence it 
follows, for any three-phase circuit with a non-inductive load, 
that: 


(267) P= 093 eb wes (watts) 
For an inductive load, then, the following must be true: 
(268) P= AT3 be oS Ln ee (watts) 
or 
ge 0.58 X P 
= = 1 
(269) ee OES ENR ey (volts) 
P 0.58 X P 
vole 1b = TX EX phe pd M Be (amp.) 
tm 0.58 & P 
(271) pj. = | Ss ee (power-factor) 
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Fie. 510.—Three-phase load feeding from a three-phase main. 
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Wherein, assuming balanced load and effective values of current 
and e.m.f., P = the power, in watts, being transmitted in the 
circuit. Hy, = the e.m.f., in volts, between line or phase wires. 
I, = the current, in amperes, in each line or phase wire. of. = 
the power-factor of the circuit. 


Exampie.—A 220-volt, three-phase circuit feeds an induction motor as 
shown in Fig. 510. The current in each line wire is 120 amp. and the power 
taken by the motor is 40 kw., as indicated by a wattmeter. What is the 
power-factor of the circuit? Sonurron.—pf. = 0.58 X P + Ip X Ex = 
0.58 X 40,000 + 120 X 220 = 0.878. That is, the power-factor of the cir- 
cuit is, say, 88 per cent. 

Exampie.—Fig. 511 shows a three-phase branch circuit carrying energy 
from a distributing center to a load. The current in each of the line wires 
is 65 amp. The line e.m.f. is 220 volts and the power-factor of the load is 
known to be 70 per cent. What power in kilowatts is being transmitted? 
What horsepower? Sonution.—P = 1.73 X Ex X In X pf. = 1.73 X 220 
Xx 65 X 0.70 = 17,300 watts = 17.3kw. 17.3 kw. + 0.746 = 23.4 hp. 
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Exampie.—Fig. 512 shows the different values of current and voltage in 
a certain group of receivers connected in Y and delta on a three-phase cir- 
cuit. A study of this illustration will be of great assistance in fixing in mind 
the voltage and current relations of three-phase circuits. The generator 
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Fia. 511.—Three-phase load feeding from a distribution center. 


shown may be either Y- or delta-connected without affecting the external 
results. 


820. The Three-phase System Is Very Widely Applied and is 
now usually utilized in preference to any other system for the 
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Fig. 512.—A 100-volt, three-phase line showing receivers (lamps and transform- 
ers) connected in delta and in Y. 


transmission of electrical energy over a considerable distance. 
It is simpler than the two-phase system, is more economical of 
copper and its operating performance in practice is quite as 
satisfactory. 


SECTION 52 


TRANSFORMERS, THEIR PRINCIPLES AND 
APPLICATIONS 


821. The Stationary Transformer is a device (operating by 
virtue of the principle of mutual induction, Art. 454). whereby 
the energy of an alternating-current circuit may be received 
at one voltage and delivered at a higher or lower voltage. It 
is really an alternating-current induction coil. A transformer 
is one of the most important electrical devices—if not the most 
important. It is remarkably simple in elementary principle 
and in construction, in that it involves no moving parts. How- 
ever, some of the reactions that occur within a transformer are 
extremely complicated and tedious of explanation. Fortunately, 
‘these complicated phenomena are of little importance to the 
practical man. 

Nortr.—The essential features of the theory of transformer operation, an 
understanding of which will enable one to solve the most frequently en- 
countered transformer problems, are relatively simple and readily under- 
stood. These will be explained in the following articles. The transformer 
will operate only with alternating current and will not work with direct cur- 
rent. ‘There is no electrical connection between the primary and secondary 
windings. They are electrically independent (except in the balance coil) 
but are magnetically interconnected by the alternating flux. 

822. Transformers Are Essential in the Transmission of 
Electrical Energy.—lIf electrical energy is to be transmitted with 
economy over any considerable distance, the transmission voltage 
must be high, so that the line losses will be a minimum. How- 
ever, it is not feasible nor desirable to utilize high-voltage elec- 
trical energy for electric lamps, motors, and other receiving 
appliances. Furthermore, it is not feasible to generate electrical 
energy at the high voltages that must be used for transmitting 
large amounts of energy over great distances. Therefore, where 
the energy is generated at a low voltage, a step-up transformer, 
A, Fig. 513, is used for raising the generator voltage to one 
suitable for energy transmission and then a step-down trans- 
former, B, is applied for again decreasing the voltage to one 
suitable for utilization. 

604 
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823. The Three Principal Parts of a Transformer are, Fig. 
514: (1) an iron core, which provides a circuit of low reluctance 
for the magnetic flux; (2) the primary winding, that which re- 
ceives the energy from the supply circuit; and (3) the secondary 
winding, that which receives energy by induction from the 
primary and delivers it to the secondary circuit. 


Nore.— Where possible or feasible, misunderstandings are eliminated if 
the windings are referred to, respectively, as the high-tension or high-voltage 
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Fic. 513.—Illustrating the application of the voltage transformer to electrical 
energy transmission. 


winding and the low-tension or low-voltage winding. Hither the high or 
the low may, Fig. 513, constitute the primary or the secondary winding of 
a transformer, depending upon its arrangement in the circuit. 

824. The Iron Cores of Transformers are in practice, to insure 
maximum economy, laminated to minimize eddy-current losses 
‘and are usually of specially prepared silicon steels because of 
the low hysteresis losses which occur in these special steels. 
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Fie. 514.—Showing the principle of the voltage transformer. 


Furthermore, these special steels can be used for long—probably 
indefinite—periods in transformer cores without the losses in 
them increasing, whereas if ordinary irons or steels are used, 
the losses in the cores increase as the term of service of ea 
transformer lengthens, that is, such steels are subject to “ aging.” 
825. Current Transformers and Voltage Transformers, Fig. 
515, constitute two classes into which these devices may in 
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general be grouped. With voltage transformers, the primary 
windings are connected, Fig. 515,/, in multiple across the supply 
mains. With current transformers, Fig. 515,J7, the primary 
windings are connected in series in the primary circuit. The 
characteristics of these two different types will be discussed in 
the articles that follow. Inasmuch as the voltage transformer 
is the more frequently used, it will be considered more in detail. 

826. How a Voltage Transformer Transforms Voltages can 
be understood from a consideration of the principles of mutual 
induction. If an alternating voltage, E,, Fig. 514, is impressed 
on the primary winding of a transformer—assuming that the 
secondary circuit is open—an alternating current, 7,, will be 
impelled in this winding and it will produce in the core of the 
transformer an alternating flux, ¢. This flux (as in building up 
it expands out of and, as in dying down it contracts back into 
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Fig. 515.—Illustrating the difference between a voltage or potential transformer 
and a current transformer. 


the primary turns, as the primary alternating current increases 
and decreases in intensity and changes in direction) will cut the 
turns of the secondary winding. Thereby an e.m-f., E,, will be 
induced in this secondary winding. If the secondary circuit 
be closed as at AB, Fig. 514, then the secondary e.mf., E,, 
induced as above, will impel a current, J,, in the secondary cir- 
cuit. The intensity of this current will be directly proportional 
to the secondary e.m.f. induced as described, and inversely pro- 
portional ‘to the impedance of the secondary circuit, that is: 
I, = E, + Z,, wherein Z, is the impedance of the secondary 
circuit. 

827. How the Voltage Transformer Operates will now be 
explained by referring to Fig. 516. With all of the switches, 
K; to Ks (Fig. 516) open, that is, with the secondary circuit 
open, the primary current I, will be so small as to be relatively 
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negligible. Hence, it may be stated that, when the secondary 
circuit of a transformer is open, there is practically no current 
in its primary circuit. Now if K, be closed connecting one lamp 
across the circuit, the secondary e.m.f. EH, induced as above 
described will impel a current J, in the secondary circuit, and 
furthermore, the ammeter, A,, will indicate current in the 
primary. But the primary current, J,, will always in a step- 
down transformer, be as many times smaller than the secondary 
current, J,, as the number of primary turns is greater than the 
number of secondary turns, as explained below. In a step-up 
transformer, the primary current will be correspondingly greater 
than the secondary current. 

If Ke be also closed, doubling the secondary current, the 
primary current will likewise be doubled. If all five switches, 
K, to Ks, are closed, increasing the secondary current five times, 
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Fic. 516.—TIllustrating the operation of the voltage transformer. 


the primary current will also be increased fivefold. This auto- 
matic action of the primary may be likened to a reducing valve, 
in that it permits only enough current to flow to just supply the 
requirements of the secondary. Why this occurs is explained 
below. 

828. As to the Theory of Transformer Operation, it might 
appear that the primary winding, because it has relatively low 
resistance, would short-circuit the primary circuit, and so it 
would, if a direct e.m.f. were applied. 


ExpLaNnation.—Although the resistance of the primary winding is low, 
its inductance, since it is a coil wound on an iron core, is high. Hence, when 
an alternating e.m.f. is applied across the primary winding’ it induces a 
counter e.m.f., practically equal in intensity to the applied e.m.f., Zp. This 
prevents current—except a very small “magnetizing” current—from flow- 
ing in the primary. This magnetizing current is sufficient, however, to 
develop an alternating flux, ¢, in the core, so that an e.m.f. is produced in 
the secondary by ¢ cutting the secondary turns and so that the counter 
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e.m.f. of self-induction is maintained in the primary. The primary winding 
is so designed (see formula 287,A below) that it has a sufficient number of 
turns that its counter e.m.f. of self-induction will equal practically the im- 
pressed e.m.f., Zp. This is the reason why the current which flows in the 
primary winding of a transformer, the secondary of which is open, is of very 
small intensity. Furthermore, since the primary winding is largely induct- 
ive, this magnetizing current involves almost no energy. 

However, when the secondary circuit is closed by connecting a load across 
it, as at AB, Fig. 514, the secondary e.m.f., Z,, induced as above suggested, 
in the secondary turns, N,, impels the secondary current, J., in the secondary 
circuit. As this current, J;, flows, it also tends to produce an alternating 
flux in the transformer core. But the flux due to J; would be (Lenz’s law, 
see index) in a direction opposite to that of the flux, ¢, produced by the pri- 
mary winding. The result of this demagnetizing effect is that the total flux, 
¢, in the magnetic circuit is slightly decreased with every increase in second- 
ary load, which decreases correspondingly the counter e.m.f. induced in the 
primary turns. Thereby a suitably greater primary current is permitted 
to flow. Thus, the primary current always is automatically maintained at 
such a value that the secondary circuit will be properly supplied. 


828A. The Actual Change in Flux and in Primary Counter 
E.m.f. in an Actual Transformer Is, Between Full-load and 
No-load, Very Small, inasmuch as the change seldom exceeds 
1 per cent., so that for practical purposes it may be assumed that 
the flux in the transformer core is constant at all loads and that 
the primary counter e.m.f. is also constant. Furthermore, it 
may be assumed that, if the primary or impressed voltage re- 
mains constant, the secondary voltage of a well-designed trans- 
former also remains practically constant at all loads. Actually 
there is a slight drop in the secondary voltage from no-load to 
full-load, possibly from 1 per cent. to 3 per cent., depending 
on the design and characteristics of the transformer under 
consideration. / 

829. The Ratio of the Number of Primary Turns to the Number 
of Secondary Turns Determines the Ratio of the Primary to the 
Secondary Voltage or E.m.f.—It follows from ‘the equation 
(287a) given below for determining the counter e.m.f. of a coil, 
that for any given coil and with a given frequency, the counter 
e.m.f. induced in the coil is proportional to the product of flux 
X turns, that is, to ¢ X N. The counter e.m.f. of the primary 
of a transformer equals (practically) the e.m.f. impressed on it. 
Hence, the primary e.m.f. of a transformer, E>, is proportional 
to ¢xX N,. Also, it follows that the e.mf. induced in the 
secondary turns must be proportional to ¢ X N,. Now, since 
the same flux, ¢, which produces the counter e.m.f. in the primary 


“ve 
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also induces the e.m.f. in the secondary turns. It is obvious 
then that the following proportion must hold: 


(273) primary voltage primary turns 
secondary voltage secondary turns 
that is: 
Ey Np» 
ag HoeeN, 
or 
Ear 
(275) E, = “ee Gone 
(275a) Ee = as Ns (volts) 
Np 
EN, 
(275) i ie oat Gaius) 
(275c) NS= at Re (turns) 
; Pp 


STurns 9Turns’ \47urns Poppies 2 eee 


I og 
(o)Turr Ratio~flittnso= 24:1 flurn ftionflit PP 2 Ls (Turn Ratio toga me 


fp / 
(bloltage soon dD oslo 28 2 ighoag Rate fgg eee 7 (hNoltage Ratio-= ale yj 


(eNeurrent Ratio-fe=4Pa2$.) (current Ratio-fepee Pps LY (i, i) Current Ratio-z: Tab 4 


Fig. 517.—Illustrating examples of “ratios of transformation.” 


Wherein, #, = e.m.f. impressed on primary, in volts, effective. 
EH; = e.m.f. delivered by secondary, in volts, effective. N, = 
number of turns in the primary winding. N, = number of 


surns in the secondary winding. 

Exampte.—The transformer of Fig. 517, JJ, has 9 turns in its primary 
und 4 turns in its secondary winding. If an e.m.f. of 200 volts is impressed 
m the primary, what would be the secondary voltage? SoLution.—Sub- 
itituting in equation (275a): EH, = (Ep Ns) + Np = (200 X 4) +9 = 
39 volts, which will, then, be the secondary e.m.f. 

Exampte.—A certain transformer is designed for a high- tension e.m.f. of 
3,120 volts and has 1400 turns on its high-tension winding. A low-tension 
voltage of 230 is required. How many turns must be in the secondary 
winding? Soiution.—Substitute in equation (275c): N, = (E, X Np) + 

= (230 X 1,400) + 3,120 = 103 turns in the low-tension winding. 
= 39 


610 PRACTICAL ELECTRICITY [Arr. 830 


830. The Ratio of a Transformer or the ‘‘turn ratio” (A. I. 
E. E. StanparpizATIon Russ) is the ratio of the number of 
turns in the high-voltage winding to the number of turns in the 
low-voltage winding. The voltage ratio is the ratio of the 
primary terminal effective voltage to the secondary terminal 
effective voltage. The current ratio is the ratio of the primary 
current (effective) to the secondary current (effective). That 
18: 


. Nuvy 
(276) Turn ratio = wae 
2 2 Ep 
(276a) Voltage ratio = 7 - 
Ss 
: Ip 
(276b) Current ratio = T. 


Examptss illustrating the above ratio values are given in Fig. 517. 


831. The Power, Current, Voltage and Power-factor Rela- 
tions in Transformer Primary and Secondary Windings may be 
readily derived from the fact that the power input to any device 
must be always equal to its power output, plus the power losses 
in the device. Now properly designed transformers have very 
small losses—they are very efficient. Hence, for practical 
purposes, it can be assumed that the power input to the primary 


of a transformer equals the power output of its secondary. That 
13; 


Now, since the power of any alternating-current circuit is: 
[2 == Ia; x< 12 >< ee, it follows that /2x = Ep S< Ip Ded fp Also, 


Ps = Es X Is X pf.s Hence substituting these values in the 
above (277) equation: 


(278) Ep X Ip X.p fie = Es X Is X pf. 
or, 

(279) Pp = Es X Is X pis 

and 

(279a) Ps = Ep X Ip X fie 


It can be shown (see note following) that pf.p = p.f.s. Hence 
(280) Ep X Ip = Es X Is 
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That is, primary current X primary voltage = secondary current 
X secondary voltage. The working formulas become: 


Mees x I, 


casly.- Ep Te (volts) 
(281a) We aes (amp.) 
(2816) Es = we Rae (volts) 
(281c) ina wee (amp.) 


Wherein the symbols have the same meanings above given, 
except that Js = current in secondary, in amperes, effective. 
Ip = current in primary, in amperes, effective. Pp = power 
input to primary, in watts. Ps; = power output of secondary, 
in watts. 


Examrie.—The input to a transformer is 8 kw. The secondary e.m.f. 
is 220 volts and the power-factor is 80 per cent. What is the secondary 
current? So1iurion.—From equation (279) above, Pp = Es X Is X pfs, 
hence, Is = Pp + Es X p.f.s. Then substituting in this equation, Is = 
8,000 + 220 X 0.80 = 45.5 amp. Hence, the current in the secondary in 
this transformer is 45.5 amp. 

_ Exampie.—tThe primary voltage of a certain transformer is 2,200. The 
primary current is 5 amp. and the secondary current is 100 amp. What is 
the secondary voltage? SoLtution.—From equation (281b) above, Eg = 
Ep X Ip + Ig = 2,200 X 5 + 100 = 110 volts. 

Nots.—Tue Proor THAT THE POWER-FACTOR OF THE PRIMARY CIRCUIT 
EQUALS THE POWER-FACTOR OF THE SECONDARY CrrcuiT is this: The mag- 
netizing effect of the primary ampere-turns may (if the primary magnetizing 
current which is relatively very small, be disregarded) be taken as equal to 
that of secondary ampere-turns. That is: Ip X Np = Is X Ns, or: 


Ne Is 

” Ns ~ Ip 

But from equation (274) above, Np + Ns = Ep + Es, that is: 
Np Ep 

(283) NG. oes 

hence 
i Ep 

(284) ke 

or 

(285) Ig X Es = Ip X Ep 


Then, dividing equation (278) above by (285), thus: 
if Baal: Sas 


Ip X Ep Is X Es 
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(287) the result is ple = pfs (power-factor) 
Which means that the power-factor of the primary circuit of a transformer 
equals the power-factor of the secondary circuit—if the magnetization cur- 
rent and losses in the transformer be neglected. ‘These can be neglected 
in practice with little error. 

832, 833. The Current in the Primary and Secondary Cir- 
cuits of a Transformer Varies Inversely as the Voltage of the 
Winding to Which It is Connected and Inversely as the Number 
of Turns in the Winding.—This statement logically follows 
from the previous discussion; in fact it is merely a statement 
in words of the meanings of equations (280) and (282). 

834. The Counter E.m.f. of a Transformer may be computed 
(see formula, 119, Art. 739) from the equation: 


444XfXo@XN 444XfXAXBuXN 
100,000,000 100,000,000 


Wherein, Epc = counter e.m.f. of transformer winding in volts. 
f = the frequency of the circuit in cycles per second. ¢ = 
the total flux developed in the core. N = the number of turns 
ir the winding. A =the area of the core in square inches. By= 
the maximum flux density in lines per square inch, that is, the 
flux density at the instant when the exciting current is a maxi- 
mum. By using one or the other of the above formulas, and 
assuming that the counter e.m.f. Epc = the impressed e.m.f. 
Ep, which it does for all practical purposes, the principal dimen- 
sions of a transformer may be determined. ‘The above formulas 
are very important inasmuch as they are used repeatedly in 
connection, not alone with transformers, but also with induction 
and synchronous motors and other alternating-current apparatus. 


(287a) Epe = 


ExampLe.—How many turns should be used in the primary winding of 
a transformer upon which an e.m.f. of 140 volts is to be impressed at a fre- 
quency of 60 cycles? The core upon which the winding is to be served has 
a sectional area of 15¢ sq. in., and a maximum permissible flux density o' 


35,000 lines is assumed. Sotutron.—Substitute in the equation which has 
been solved for N: 


(282) n = 100,000,000 x Epc _ _- 100,000,000 X 140 __ ga 
4.44XfXAXBu 4.44 X 60 X 1.625 X 35,000“ 


Hence the primary winding of this transformer should have 924 turns. 
Nors.—In Desienine a TRANSFORMER the flux density is taken at ¢ 
value which experience shows will involve iron losses that are as small a 
is consistent. Usually Baz is taken as 30,000 to 40,000 lines per sq. in. 0 
core area. The number of primary turns is selected upon the basis of wha 
experience has shown desirable and may be computed from an empirica 
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ormula.* Then by substituting these assumed values from By and N in 
he formula, the area, A, of the core required can be computed. To design 
ransformers most effectively, that is, so that they will have a maximum 
ficiency with a minimum expenditure of material is a specialized art and 
equires much experience and skill for its successful accomplishment. 

835. Magnetic Leakage actually occurs in a transformer, 
though it has been disregarded in the foregoing discussion 
yecause in a well-designed transformer its effects are negligible 
rom a practical standpoint. When there is no load on the 
econdary of a transformer (Fig. 518) no current flows in the 
econdary winding, and there is then nothing to oppose the 
reation of a flux in the core. Hence, at no-load, there is very 
ittle leakage. When, however, a load is connected across the 
econdary circuit and a current flows in the secondary winding, 
counter flux ¢sr (Fig. 518) is created by its secondary current. 
This counter flux opposes the flux getdee 
roduced by the primary (Lenz’s (rimary Amp. Turns 
aw) as suggested by the arrows 
o Fig. 518. There is then a ten- 
lency toward the creation of mag- 
etic poles (NV and S, as shown at 
ne particular instant) at the top 
nd bottom of the core. Under me PELE ys 
hese conditions, a proportion of  ‘4e#age flux Leakage Flux 
he flux produced by the primary Fic. 518.—Illustrating magnetic 
eo. - leakage in a voltage transformer. 
rinding is prevented from follow- 
ag a circuit around through the core. The result is that this 
rimary leakage flux ¢pz does not cut the secondary turns and the 
scondary is reduced accordingly. Obviously the primary leak- 
ge flux will increase with the load on the secondary which tends 
9 cause a decrease in the secondary voltage as the load increases. 
836. Magnetic Leakage May Be Largely Minimized by so 
isposing the primary and secondary windings that all or most 
f the flux which is produced by the primary must cut the 
scondary turns. In practice this is accomplished by winding 
ne primary and secondary coils over one another as suggested 
. Figs. 519, and 520, or by winding them in sections and 
iterleaving. 

837. Core-type and Shell-type Transformers are indicated 
iagrammatically in Fig. 521. Those of the core type are 
haracterized by a long average length of magnetic circuit and 


* See Pender, AMERICAN Hanppook ror E.ecrrica, Enainunrs, p, 1618. 
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a short average length of winding. Those of the shell type have 
a short average length of magnetic circuit and a long average 
length of winding. The result of this condition is that for a 
given output and performance a core-type transformer will have 
a smaller area of core and a larger number of turns than will a 
corresponding one of the shell type. Either type may be so 
designed as to be economical, but as a rule the core-type con- 
struction is more economical for high-voltage transformers than 
is the shell-type. 


‘---Laminated 
Iron Core 


_\\--Secondary 
Winding 


same 
SS ——+ 


D ‘ 
£ 0 


Ar “Primary 
Winding 


“oil Space 


Fie, 519.—Phantom view of a typical distributing transformer assembled. 


838. The Losses in the Cores of Transformers are of two kinds 
(1) hysteresis losses; and (2) eddy-current losses. ‘These taker 
together are called the iron loss, since they both occur in the 
iron core of the device. The hysteresis loss is due to the fac 
that the flux in a core is constantly alternating and power i 
required to effect reversals of polarity in the iron. The eddy 
current losses are really J?  R losses in the iron, due to the cur 
rents induced in the material by the alternating flux. T 
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‘ia. 520.—Illustrating typical arrangement of transformer primary and second- 
ary coils. (Transformer secondary is feeding a three-wire system. ) 
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iG. 521.—Illustrating “‘core-type” and ‘‘shell-type” transformer construction. 
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minimize the intensities of these eddy currents and consequently 
the loss due to them, the cores are laminated. Since the alter- 
nating flux, ¢, in the core produces both of the iron losses, and 
since this flux is practically constant at all loads, it follows that 
the iron losses are practically constant at all loads, that is, they 
occur whether or not the transformer is loaded. 

839. To Determine the Iron Losses in a Transformer, the 
power input to the primary, at normal voltage and frequency, 
with the secondary open, can be measured with a wattmeter. 
The reading will be the power loss in watts inasmuch as the 
I? R copper loss in the primary winding itself will be negli- 
gible with only the exciting current flowing in it. 

840. The Copper Loss in a Transformer equals the sum of the 
I, X R losses which occur in the windings. Hence, the coppet 
losses may be readily computed for any load by multiplying the 
square of the current for that load in the primary or the second- 
ary, respectively, by the resistance of the primary or secondary 
and then adding together the two values thus obtained. Tha‘ 
is, copper loss, in watts = (I2 X Rp) + UIs X R,). 

841. The Efficiencies of Transformers are very high, usuall) 
being greater than 95 per cent., and- with transformers of larg 
capacity greater than 98 per cent. ‘The efficiency of a trams 
former may be expressed as a formula, thus: 


oulput ——~ output 
input output + copper loss + tron los 


(288) Efficiency = 


Examp.Le.—The output of a certain transformer is 50 kw. Its iron los 
is 320 watts and its copper loss is 520 watts. What is its efficiency? Sov 
TION.—Substitute in the equation, 


output 
output + copper loss + iron loss 


50,000 _ 50,000 
50,000 + 520 + 320 ~~ 50,840 
842. The Three-phase Transformer is ordinarily arranged suk 
stantially as shown in Fig. 522. The windings for all three c 
the phases are placed on the same core, which usually results i 
a material saving over the cost of three single-phase transforme! 
of equivalent capacity. Each of the three components operate 
as if the others were not present. The windings may t 
connected to the external circuit either in delta or in Y. 
843. The Cooling of Transformers is necessary to dissipate tk 
heat developed due to the losses, above.referred to, which ocet 


efficiency = 


= 98.3 per cen 
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within them. Special provisions are not ordinarily necessary 
for the cooling of very small transformers, say those under 1 
kva. capacity, because the relatively large surfaces which they 
expose to the surrounding atmosphere dissipates the heat with 
‘sufficient rapidity to prevent the windings of the transformer 
attaining a temperature which 
would be injurious. Larger trans- pai rimary Coils, 
formers are usually placed within a 
steel or cast-iron tanks, Fig. 523, | 
filled with oil. The oil transfers 
the heat produced within the core 
and windings to the iron case 
which is usually corrugated, for 
capacities from 50 to 500 kva., or Comninated Iron Core 
in larger sizes, from 500 to 2,000 Fie. 522.—Diagram illustrating 
z f e construction of a three-phase trans- 
kva., provided with radiating former. 
pipes, to increase their effective 
radiating surfaces. Not only does the oil provide a medium 
for the dissipation of heat, but it also provides additional 
insulation between parts of the transformer winding which 
operate at different potentials. The exposed surface of the 
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Fre. 523,—TIllustrating typical distributing transformer construction. 
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case can be in many instances made ample and thus effectively 
dissipate all the heat produced. In very large transformers, 
capacities greater than 2,000 kva., cooling coils through which 
water is circulated are submerged in the oil within the tank. 


> 
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Sometimes where real estate is expensive, and hence floor space 
must be economized, air-blast transformers are used for pressures 
less than 30,000 volts. These are cooled with a current of air, 
circulated past the core and windings by a blower. 
844. The Current Transformer is different from the shunt or 
voltage transformer only in the method of its application. With 
the current transformer, Figs. 515,J7, and 524, the impedance 
of the secondary circuit is ordinarily constant, hence, any change 
in load that occurs must be due to a simultaneous change of 
primary current and voltage. In designing a series transformer, 
little attention is concentrated on the ratio of the primary power 
input to the secondary power output. However, there should be 
a definite ratio between the primary 
amperes and the secondary amperes. 
845. The Important Applications 
of Current Transformers are for 
electrical instrument circuits, Fig. 
524, and for series street lighting. 
Their function when used with in- 
strument circuits is to produce 
through the instrument a current 
I, (Fig. 524) proportional to, but 
of much less intensity than, the 
main current, I,, which is being 
metered. Furthermore, where a 
Fie. 524.—Current transformer Seetaee ASCH eg a be 
“ia quads aii tava tan’ high voltage of the main circuit is 
not impressed on the instrument. 
In practice, all instrument current transformers are usually so 
designed that when full-load current flows in the primary wind- 
ing, a current of 5 amp. will flow in the secondary. The in- 
struments which are used with them are so calibrated that their 
pointers will show a full-scale deflection with 5 amp. flowing 
through the instrument. Cauwtion.—Never open the secondary. 
Exampie.—A 2,400-amp. current transformer has a ratio of 480 to 1. 
That is, with a current of 2,400 amp. in its primary circuit, there will flow 
in the secondary circuit: 2,400 amp. + 480 = 5amp. The ammeter used 


with this transformer would have its scale so calibrated that when a current 
of 5 amp. flowed through it the pointer would indicate 2;400 amp. 


Current Transformer 


Primar. ye 
Winding 


846. Current Transformers for Series-incandescent-lighting 
Circuits are applied as suggested in Fig. 515,77, for providing 
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a current through the lamps of greater or lesser intensity than 
the constant current flowing in the main curcuit. 

847. Distributing Transformers, so-called, are those for capaci- 
ties up to possibly 200 kva. and primary pressures up to 17,500 
volts, which are used for the distribution of energy at secondary 
low voltages—500 or lower—from high-voltage mains. Figs. 
519 and 523 indicate typical construction for transformers of this 
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Fig. 525.—Showing standard arrangement of the primary and secondary wind- 
ings of distributing transformers. 


class. They are usually arranged (Fig. 525) with two primary 
and two secondary coils all on the same core. With this arrange- 
ment, a given transformer may, for example, with its primary 
windings in parallel, be used on a 1,100-volt primary circuit 
(Fig. 525,77) and with the coils in series on a 2,200-volt primary 
‘circuit (I and IJ). Furthermore, the secondary coils may be 
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Fig. 526.—Connections of transformers on a three-phase line. 


connected either in series or in parallel, providing a secondary 

e.m.f. of 220 or of 110 volts, or a three-wire e.m.f. of 110 to 220 
volts, see Fig. 525. 

848. The Connecting of Transformers is a subject about which 

a book could easily be written; the possibilities are almost end- 

less. In the author’s AMERICAN ELEcTRICIANS’ HANDBOOK are 

-shown a large number of the different combinations ordinarily 


620 PRACTICAL ELECTRICITY [Art. 849 


encountered. Fig. 525 shows the connections most frequently 
used for single-phase distributing transformers. In Fig. 526 
are shown four methods of connecting single-phase transformers 
to three-phase mains, so that three-phase secondary e.m.fs. of 
different intensities may be obtained. 

849. The Auto-transformer is shown diagrammatically in 
Fig. 527. Ifa winding, AD, on an iron core be connected across 
an alternating-current supply main of an e.m.f. #1, any lower 
e.m.f., E, or H3, may be obtained from the coil by tapping it as 
suggested. The e.m.f. H, will then be proportional to the 
number of turns between C and D. The e.m.f. Es; will be pro- 
portional to the number of turns between D and B. It follows, 
then that: 


i\Primary| 


Alternating-Current Supply Mains 
= AT /OVol f §-----2- 


a iWindingt : 
ox 5 \ Ep+Es 
SS | Ss « 
SR aS 

y ne H = Ss 
SE Ss x 

i | lo NS y Ev 
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Fic. 527,—The auto transformer. Fie. 528.—A transformer booster, 
(289) FE; is to HE, as N, is to No, and as I is to I). 
Also: 

(290) Ey ts to Es as N, is to Ns, and as I; 7s to I4. 


The auto-transformer is very efficient and is economical where the 
ratio of transformation is not great. The principles of its opera- 
tion and its applications are more fully discussed in the author’s 
AMERICAN Execrricrans’ HANDBOOK. 


Exampiu.—The auto-transformer winding AD in Fig. 527 has 10 turns, 
and an e.m.f. of 10 volts impressed across it. If 6 of the turns, CD, are 
tapped, what would be the voltage across CD, and if a current I, of 20 amp. 
flows in the secondary, what will be the current in the primary circuit, 11? 
SoLuTion.—E2 : FE, ::N2:Ni; therefore, E, = No X EF, + N; = 6 X10 
+ 10 = 6.0 volts. That is, the pressure across CD would be 6.0 volts. 
Also I,:I2::N2:Ny. Then, I, =N2 X Ie +Ni =6 X20 +10 = 12 
amp. ‘That is, the current in the primary circuit will be 12 amp. 
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850. A Booster Transformer is diagrammed in F ig. 528. Ifa 
transformer be arranged in a circuit with its primary winding 
connected across a constant voltage of the circuit Ep and its 
secondary winding in series with the circuit, the voltage impressed 
on the load will be increased by the amount of the e.m.f. Ey 
induced in the secondary winding. That is, the voltage impressed 
on the load FE, = Ep + Es. 


Exampie.—If a transformer having a primary winding designed for 2,200 
volts and a secondary winding designed to deliver 220 volts be connected 
in a 2,200-volt alternating-current circuit as a booster as shown in Fig. 528, 
what would be the e.m.f. impressed on the load? Sonutton.—The second- 
ary winding will develop 220 volts. This added to the voltage impressed 
on the line = (2,200 + 220) = 2,420 volts, which will be the pressure on 
the load. 


851. The Induction Regulator, Fig. 529, is really a booster trans- 
former, so arranged that the e.m.f. induced in its secondary 
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Fie. 529.—The induction regulator and its action. 


winding may be varied at will within the range for which it is 
designed. The device is shown diagrammatically in Fig. 529, 
which indicates top views. The stationary windings are ar- 
ranged on a hollow cylindrical laminated iron core. The movable 
winding is mounted on a laminated iron cylinder within the 
stationary windings. With the movable coil in the position 
shown at Fig. 529,J, the voltage induced in the secondary, 
FE», is a maximum, because then practically all of the flux induced 
by the stationary coils passes through the movable coil. If, 
however, the movable coil be turned to position II, practically 
none of the flux produced by the stationary coils cuts the movable 
coil. Then the voltage induced by the movable coils is zero. 
Hence, with this device, H2, the voltage added to the impressed 
voltage H;, may be made any desired value between zero and a 
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maximum. Automatic induction regulators can be obtained 
wherein the movable core is turned by a small motor with a relay. 
The arrangement is so adjusted that when the line current in- 
creases, the ‘“‘boosting”’ effeet of the regulator is increased and 
when the line current decreases, its boosting effect is decreased. 
Thus, with a constant or varying e.m.f. impressed on the regu- 
lator, the e.m.f. impressed on the load can be maintained constant, 
even though the load varies through a wide range. 

852. A Constant-current Regulating Transformer is a device 
for maintaining a current of constant intensity—6.6 amp. for ex- 
ample—in a secondary circuit. Constant-current transformers 
are utilized widely for series and incandescent arc lighting cir- 
cuits. Fig. 530 indicates diagrammatically the construction. 
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Fra. 530.—Constant-current regulating transformer. 


EXPLANATION.—The primary coil is stationary and has impressed on it 
the constant voltage of the supply circuit. The secondary coil is free to 
move and is counterbalanced. _A dashpot prevents sudden movement and 
jumping. With the secondary circuit open the coils lie close together, and 
practically all of the flux generated by the primary coil cuts the turns of 
the secondary coil. Now, if the secondary circuit be closed, current will 
flow through it and through the secondary coil. There will then be a re- 
pulsive action (Lenz’s law, see index) between the two coils and the second- 
ary will be forced away from the primary coil. As it is forced away the 
magnetic leakage between the coils increases. Fewer turns cut the second- 
ary coil and it induces a smaller e.m.f. It will move away from the primary 
until it is at such a distance therefrom that its voltage is just sufficient to 
force the current, which the regulating transformer is designed to maintain, 
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through the secondary circuit. If lamps are cut out of the secondary 
circuit, the secondary current tends to increase so that the coils are forced 
further apart to another position at which the voltage induced in the second- 
ary will be just sufficient to impel the normal secondary current. If lamps 
are connected into the secondary circuit, it tends to decrease the secondary 
current, thus permitting the coils to come closer together until they assume 
a new position in which the flux that cuts them will just be sufficient to 
induce a voltage that will force the normal current through the circuit. 


853. The Principle of the In- 
duction Furnace is shown in Fig. 
531. The primary winding is 
arranged on an iron core as with 
any other transformer. The 
secondary winding in this case 
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is merely aring of the metal whichisto be melted. Theresistance 
of this metal ring is exceedingly low, hence a relatively enormous 
current will be impelled in it by the voltage induced. This 
current will heat the metal to fusion. By varying the impressed 
voltage, the intensity: of the heat produced may be controlled. 

854. The Electric Welder operates on the principle diagrammed 
in Fig. 532. The metal pieces to be welded together, A and B, 
are so clamped in jaws that they form a part of the path of the 
secondary circuit. When the two pieces are forced together with 
pressure in the directions indicated by the arrows, intense heat 
is developed at their junction. This fuses the metal to the 
welding temperature. 


SECTION 53 


THREE-WIRE DISTRIBUTION AND SYSTEMS 


855. The Three-wire System Is Used Because It Saves 
Copper (see Figs. 533 and 536).—Incandescent lamps for 110 
volts—more or less—are more economical and efficient than those 
for higher voltages. A circuit carrying any considerable load 
and operating at the low pressure of 110 volts would require very 
large conductors to maintain the J X R or line voltage and the 
I? X R power loss in the line within reasonable limits. With the 
three-wire system, a low voltage, say 110, is impressed on the 
receivers—incandescent lamps—while one twice as great, say 
220, is used for transmission. Since the weight of the metal in 
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Fie. 533.—110-volt lamps arranged Fic. 534.—Balancing wire “AB” 
in multiple series across 220 volts. arranged between lamps. 


conductors for a given power loss varies inversely as the square 
of the voltage, it is evident that a considerable saving in conductor 
material is possible with the three-wire system. In this country 
the three-wire system is of greatest importance as applied to 
110 to 220-volt lighting systems. 

856. The Principle of the Three-wire System is illustrated 
in Figs. 5383 to 536. Incandescent lamps for 100 volts could be 
connected two in series across 220 volts as shown in Fig. 533, and 
While each lamp would operate at 110 volts, the energy of the 
group would be transmitted at 220 volts, and the outside con- 
ductors could, with equal loss, be but one-fourth the size that 


would be necessary if the energy were transmitted at 110 volts. 
624 


Pi 
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This arrangement (Fig. 533) while it would operate, is not com- 
mercially feasible because each lamp (of each pair of lamps in 
series) must be of the same size and if one lamp —Ji, for ex- 
ample—goes out, its partner, Le, is also extinguished. These 
disadvantages might be partially corrected by installing a third 
or balancer wire as at Fig 534. Then one lamp might be turned 
off and the others would burn. Also, a single lamp might be 
added to either side of the system, between the third wire and 
either of the outside wires. But unless the total resistance of 
all of the lamps connected to one “‘side circuit,’ As, was practi- 
cally equal to that of all-of the lamps connected to the other 
“side circuit,” B, the voltage across one side circuit would be 
higher than that across the other. On the side having impressed 
on it the higher voltage the lamps would burn brightly and on the 
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Fig. 535.—Three-wire, direct-current circuit. (Each lamp is supposed te 
have a resistance of 110 ohms so that it passes 1 amp. when 110 volts is impressed 
ueross it.) 


side of the lower voltage they would burn dimly. Obviously, 
it is not feasible in practice to so arrange or “balance”’ the side 
circuits that they will have the same resistance. Hence, some 
other method must be used in practicable three-wire systems 
whereby the electricity will be transmitted at say 220 volts, and 
the pressure across the lamps will be, say, 110 volts. 

857. Commerical Three-wire Systems consist (Figs. 535 and 
536) of: (a) Two outer conductors (Li — Ly and Ly — Lu, Fig. 
535) having—for lighting installations—a pressure of 220 volts 
mpressed across them; and (b) a neutral wire (Ni — N2) so 
sonnected to sources of voltage that the pressure between it and 
‘ither of the outside wires is 110 volts. In Fig. 535, direct- 
surrent generators are the sources of voltage. The neutral wire 
oins at the point, Ni where the generators are connected to- 

40 
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gether. When the system is perfectly balanced, the neutral 
wire carries no current and the system is then, in effect, a 220- 
volt system. Perfect balance seldom obtains in practice. 
When the balance is not perfect, the neutral wire conveys a cur- 
rent equal to the difference between the current taken by one side 
circuit and that taken by the other side circuit. Note from Fig. 
536, that the current in different parts of the neutral wire may be 
of different intensities and that it is not necessarily in the same 
direction in all parts of the neutral wire. Each incandescent 
lamp in Fig. 536 is assumed to take 1 amp. and the small figures 
indicate the currents in different parts of the circuit. 


Norts.—A three-wire circuit may, in a sense be considered as a combina- 
tion of two, two-wire circuits. Thus, the two circuits of Fig. 537 would 
transmit the electrical energy, to the eight incandescent lamps which they 
serve, as satisfactorily as does the equivalent three-wire circuit of Fig. 535. 

However, the Fig. 535 arrangement 

Jncandescent Lamps would, as will be shown, require much 

IAP bal — mi less copper in the line conductors for 

a given watts power loss, and a given 

percentage voltage drop than would 

that of Fig. 537. The small numerals 

indicate the current intensities, in 

amperes, in the different parts of the 
circuits in the two illustrations. 


ae 858. A Three-wire Circuit with 


Fic. 536.—Showing the distribution the Neutral the Same Size as 
of current in a three-wire system. the Outers Requires Only Three- 
eighths the Copper Required 
for an Equivalent Two-wire Circuit providing the same percent- 
age volts line drop and the same watts power loss. The reason 
for this may be derived from a consideration of the three-wire 
circuit of Fig. 535 and the equivalent two two-wire circuits of 
Fig. 537. It is evident since there is a current of 4 amp. to the 
left in section L; — N, (of Fig. 537) and a current of 4 amp 
to the right in section Ly — N; that there will be no current in 
section Ni — Ns of Fig. 535. This follows because the three: 
wire circuit is “balanced.” With the arrangement of Fig 
535, one less wire is required than with that of Fig. 537. Now 
the current in the outer line wires is 4 amp., both in the three- 
wire circuit of Fig. 535, and in the equivalent two two-wire 
circuits of Fig. 537. 


However, in Fig. 535, the 4-amp. line current traverses only 


o 
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half the length of line conductor that the 4-amp. currents in 
Fig. 537 traverse, because no—or practically no—current flows 
in the neutral wire. Hence the line wires in Fig. 535 may be 
one-half the size of those in Fig. 537, for the same percentage 
voltage drop. Therefore, since three-fourths the number of 
wires is required for Fig. 535 as for Fig. 537, and since each of 
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Fie. 537.—Two two-wire direct-current circuits. 

hese wires may be one-half the size of that necessary in Fig. 

537, the amount of copper in Fig. 535is:44 &K 34 = 3¢ that neces- 

sary in Fig. 537 for the same percentage drop—it being assumed 

shat the neutral is made the same size as the outer wires. The 


1eutral may frequently be made smaller than the outer wires, 
1s outlined later. 
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"4G. 538.—Showing a comparison of volts line drop and watts power loss in 
equivalent two-wire and three-wire circuits. 


-Exampie.—Consider the 110-volt two-wire circuit of Fig. 538,7, and the 
quivalent three-wire circuit of JJ. The transmission distance is the same 
yr each of the two circuits. The load—eight incandescent lamps each 
aking 110 watts—is the same on J as on IJ. Referring to the two-wire 
ircuit of I: Each of the line wires is assumed to have a resistance of 1 ohm. 
ince each lamp takes a current of 1 amp., the line current is 8amp. Hence, 
s indicated, the line drop is 16 volts, the percentage line drop is 12.7 per 
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cent. and the line power loss is 128 watts. If it be assumed that each line 
wire weighs 50 lb., the total weight of the two line wires will be 100 Ib. 

ff a 110 to 220-volt three-wire circuit is arranged to transmit the same 
power with the same loss, it will have the characteristics diagrammed in I/. 
Since it is in effect a 220-volt circuit, the current will be half of that of the 
circuit of J. Since power loss in a conductor = J?R, if the current is halved, 
a conductor of four times the resistance will carry it (the current) with the 
same power loss and with the same percentage voltage loss. Thus, for the 
same line power loss and the same percentage voltage drop, as in J, the outer 
wires of JJ will each have a resistance of 4 ohms. 

There is no drop or loss in the neutral wire since—the load being balanced 
—it carries no current. Then as indicated, the line drop is 32 volts but the 
percentage volts drop is 12.7 per cent.—the same as in J. The power loss 
is 128 watts, the same asin J. Each outer wire of JJ, since it has four times 
the resistance of an outer’of J, will have a weight of: 144 X 50 = 12.5 lb. 
If the neutral is made the same size as the outers, the total weight will be: 
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Fic. 539.—Hydraulic analogy to a three-wire, direct-current circuit. 


3 X 12.5 = 37.51b. Now 37.5 lb. is three-eighths of 100 Ib., hence the three- 
wire circuit of IJ transmits the same power, the same distance with the same 
power loss and same percentage voltage drop as does the two-wire circuit 
of JJ—but with three-eighths the weight of conductor. 


859. If the Neutral Wire Is Made Half the Size of the Outers, 
only 31.3 per cent. of the copper is required that would be neces- 
sary for a two-wire system transmitting the same power the same 
distance with the same power-line loss and percentage voltage 
drop. If the neutral is made one-third the size of the outers, the 
relative weight of copper is then 29.2 per cent. 

860. A Hydraulic Analogy of a Three-wire Circuit is shown in 
Fig. 539. The two rotary pumps, connected in series, are analo- 
gous to two direct-current generators connected in series for 
three-wire service. The pipe lines Ty3, Lig and L415, Lig correspond 
to the outer wires of a three-wire circuit. The pipe line Nu, Ns 
corresponds to the neutral wire in a three-wire circuit. The 
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urrent of weightless incompressible fluid in the pipe circuit— 
nalogous to a current of electricity—will be impelled as shown by 
he arrows. The circulation is due to the hydraulic pressure 
voltage) developed by the pumps. No fluid flows in the neutral 
etween NV, and N, because, with the circuit balanced as shown, 
here is no difference in hydraulic pressure between these two 
oints. The small numerals with the letters “G” following them, 
idicate the gallons per minute—analogous to amperes—flowing 
1 the different parts of the circuit. 
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ia. 540.—A 220-volt generator and Fie. 541.—Three-wire generator. 
a motor-generator balancer. 


861. Where the Balance Is and Always Will Be Perfect, No 
eutral Wire Is Necessary.—In out-of-door distribution systems 
1e neutral is often made one-half the size of the outer wires. 
or interior wiring, the neutral is usually made the same size as 
1e outers, where the outers are of No. 6 A.W.G. or smaller wire. 
Jhere the outers are larger than No. 6, the neutral is usually 
lected so as to have about two-thirds the sectional area of one 
f the outers. See the author’s American ELECTRICIANS’ 
[ANDBOOK. 
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Fic. 542.—Small rotary converter used as a balancer. 


862. The Amount of Unbalance That May Come on a Three- 
ire Circuit depends on local conditions. In ordinary three-wire 
shting systems the unbalanced load seldom exceeds 10 per cent. . 
‘the total load. Probably 5 per cent. is a fair average for a 
ell-laid-out system. Balancer sets for interior three-wire 
stems are frequently specified of sufficient capacity to take care 
a 10 per cent. unbalance. Sometimes the unbalance on a 
sorly laid out system may be 20, 30 per cent., or even more. 
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863. The Methods of Obtaining Three-wire Voltages will noy 
be discussed. That suggested in Fig. 535, while excellent foi 
certain conditions, is not economical for small installations be 
cause the operation of two generators is necessary. Its first cos 
is more and its efficiency is less than with an arrangement requir 
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Fie. 543.—A 220-volt generator in combination with two storage batteries fo: 
obtaining three-wire voltages. 


ing the use of but one generator. The advantage of a two-gen 
erator installation (Fig. 535) is that any percentage of unbalane 
up to the capacity of one generator can be handled by it. Thi 
important methods of obtaining three-wire voltages are listed i 
the following table: 
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Fie. 544.—Methods of obtaining three-wire voltages with transformers an 
balance coils. 


864. Arrangements for Deriving Three-wire Voltages :— 


1, A 220-volt’ generator in combination with a motor 
generator balancer set, Fig. 540. 

2. A three-wire or Dobrowolsky generator, Fig. 541. 

Direct 3. A 220-volt generator in combination with a small rotary 

current converter, Fig. 542. 

4, A 220-volt generator in combination with storage-batter: 
balancers, Fig. 543. 


Alternating | 1. With a transformer, Fig. 544, 7. 
current 2. With an auto-transformer or balance coil, Fig. 544,/7. 
ee eee 
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865. If the Neutral Wire Opens in a Three-wire Circuit, the 
amps (Fig. 545) on the side, A having the most lamps connected 
0 it, will burn dimly or at under voltage, while the lamps con- 
1ected to the side having the least number of lamps, B, will burn 
righter than normal or at over-voltage. Any device, a motor, 
1, for instance, connected to the two outside wires will operate 
10rmally. 
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fia. 545.—Open neutral in a three-wire Tia. 546.—Ground on three-wire 
circuit. system outer wire. 


866. If One Side of a Lamp on a Three-wire System Becomes 
Grounded, G:, and there is another ground, G2, on the opposite 
side of the system (Fig. 546) 220 volts will be impressed across 
she lamp and it will be burned out. 

867. If One of the Generators of a Three-wire System Be- 
somes Reversed, as at G (Fig. 547), the lamps connected be- 
‘ween both of the outside wires and the neutral will receive nor- 
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Fig. 547.—Reversal of generators Fic. 548.—Open in the outer of a 


three-wire system. 


mal voltage but the polarity will be reversed. Any receiver 
sonnected across the outside wires, M for example, will have no 
lifference of potential across it and hence, no current will be 
‘orced through it—it will not operate. 

868. If One of the Outside Wires of a Three-wire System 
Opens, O (Fig. 548), a device, H, connected across the two out- 
ide wires on the distant side of the break will receive some cur- 
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rent at 110 volts through the lamps, Li, L2, and L3, connected 
to the broken side between the device and the break. These 
lamps will burn dimly when the device is connected, but the de- 
vice will not receive enough current to operate it properly. 

869. The General Arrangement of Three-wire Feeders and 
Mains may be substantially the same as that for two-wire sys- 
tems. The important thing is to so balance the circuits as to 
maintain the currents in the two outside wires approximately 
equal. The lamps and other devices should be divided between 
the two side circuits of the system so that the loads will be, as 
nearly as possible, balanced when the circuit is loaded to its full 
capacity or when loaded to any fraction of it. All three wires— 
two outers and the neutral—should be routed to every location 
where any considerable amount of power is required; to every 
building in an out-of-door distribution and to every distribution 
center in distributions within buildings. Where many lamps are 
to be lighted simultaneously the group should be controlled by 
three-pole switches to prevent unbalancing. Not only must 
loads on three-wire systems be balanced on the two side circuits, 
but the loads on the side circuits must also be distributed along 
both the circuits in approximately the same manner. If they 
are not, there may be considerable “extra”? drop. This “loca! 
unbalancing”’ is one of the principal causes of the excessive vol- 
tage variation that may sometimes occur on three-wire systems. 
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Auxiliary poles, 396 
Avogadro’s law, 17 


B 


Battery, 219 
current output varied by arrangement 
of cells, 246, 247, 249 - 
plunge, 235, 244 
See also Storage battery. 
Bell, electric, action of electromagnet in, 193 
Bichromate cells, 234-236, 244 
Bivalent elements, 12 
Bolometer, 215 
Booster transformer, 621 
Braggs, the, 20 
Brake horse power, 123 
prony, 121, 468 
British thermal unit, 119 
Brown & Sharpe gage, 97, 109 
Brush contact resistance, 413 
e.m.f. of a generator, 414 
Brushes for generators, 391 
Bunsen cells, 236 


Cc 


Calculation of magnet windings, 186 
Capacitance, 545 
Capacity in alternating-current circuits, 545 
See also Permittance or capacity. 
Carbon-cylinder cell, 233, 243 
Cathode of a primary cell, 219, 220 
rays, Aurora explained by, 65 
definition, 4 
Cells, bichromate, 234-236, 244 
Bunsen, 236 
chromic acid, 235 
Clark standard, 243 
Crowfoot, 241 
Daniell, 240, 243 
distinguished from battery, 219 
Edison-Lelande, 239, 244 
Edison storage, 257, 259, 263 
characteristics, 264 
Fuller, 234 
Gould storage, 260 
gravity, 241 
Grenet, 235, 244 
Grove, 236 ~ 
Leclanche, 233, 234, 237, 243 
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Smee, 2 
voltaic, 218, 219 
Weston standard, 243 r 
See also Primary eell, and Secondary 
cell. 
Centigrade system, 102. 
Charging storage batteries, 264, 265 
Chemical action, generation of electrica! 
energy by, 217 
in Edison storage cell, 264 
in primary cell, 221 
laws of, in primary cell, 223 
Chemical change, 18, 19 
depolarization, 228 
tg cy, electrochemical equivalents, 


Cells, Lelande, 239, 244 7 


energy, transformed by primary cell 
into electrical energy, 220 
Chloride accumulator, 260 
Choke coil, 326 
Chromic acid cells and solution, 235, 236 
Circuits, alternating-current, see Alternat- 
ing-current circuits. 
delta-connected, 599, 600 
direct-current, power in, 115 
divided, 136 
magnetic, 150 
inductance a property of, 311 
multiple, 132 
non-inductive, 305 
parallel, 132 
polyphase, 581-603 
primary, 293 
secondary, 293 
series, 130 
shunt, 132 
See also Electric circuits. 
Circular mil defined, 98 
mil-foot, 99 
Clark standard cell, 243 
Coefficient of mutual inductance, 328 
of self-induction, 314 
Coils, choke, 326 7 
conse mutual induction between, 
form wound, 388 
medical induction, 334 


non-inductive, 305 a 
primary and secondary, 293 _ 
reactance, 326 
shocking, 334 ‘ 
spark, 305 

Come aeae plane through an armature 
poles, 396 :- 


Commutation in motors, 444, 445 
Commutators, 390 

definition, 357 
Compass, 26, 28, 29 

declination of needle, 30 

ous direction of electric current 


needle deflected by electric current, 141 
Compound-wound generator, 379 
characteristics, 427 

Conductance, 91 
computing, 101 . 
Gondastiig ion rotated in magnetic field 


materials, imaginary structure, 58 
on basis of electron theory, 59 
Conduction current, explained by electro! 
theory, 68, 69 . 
speed of, 72 
Conductivity defined, 91 
Conductors, alloys, resistance of, 104 
circular, computing resistance, 101 
computing conductance, 101 
computing resistances, 100 
contact resistance, 110 
copper, see Copper conductors. 
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Conductors, definition, 91 
equations for voltage gradient calcu- 
lations, 110, 111 f 
heat affects resistance of, 103 
heat developed in, by current, 107 
inductance a@ property of, 311 
measuring by mils, 98 
non-circular, computing resistance, 102 
power loss in, 117 
resistance at any temperature, formu- 
las, 104 
resistances, table, 100 
temperature coefficients, 104 
temperature rises, formula, 106 
unit the mil-foot, 99 
voltage gradient, 110 
Consequent poles of magnets, 41 
Constant-current and constant-potential 
generators, 370 
Constant currents, 74 
Contact electromotive forces, 210-216 
amount of energy, 210 : 
bolometer, 215 
electrical energy developed from 
external energy, 214 
through contact, 210 
explained by electron theory, 211 
generation of e.m.f. by contact, 210 
heat at junction of metals, effect, 214 
heat energy imparted, 210 
Peltier effect, 216 
performance of metals in contact, 
heated, 213 
resultant e.m.f. of metals at same 
temperature, 212 
Lapeer nines measured by bolometer, 


thermo-pile, 215 
Thompson effect, 216 
err of e.m.f .developed, table, 211, 


values, of metals in liquids, 218 
Contact resistance, 110 
Conversion of electrical energy, 59 
lopper conductors, resistance, 105 
table of temperature coefficients, 106 
wire, table of dimensions, weights and 
resistances, 108 
Coulomb, definition, 6, 86 «4 
Counter e.m.f., explained, 438 
of self-induction, 314, 522 
computation of, 322 
See also Permittance. 
Cross-magnetizing ampere-turns, 398 
Crowfoot cell, 241 
Current density, defined, 89 
safe for contacts, 110 : 
electricity produces magnetic field, 140 
resistance, see Resistance. 
transformers, 618 
Currents, continuous, 73 
convection, 73 ; 
electric, see Electric currents. 
pulsating, 74, 362 
wattless, 575 
See also Eddy currents. 
Cycle, of alternating currents, 471 


! 


D 


Daniell cell, 240 

standard cell, 243 
Darafs, 558 
D’Arsonval galvanometers, 332 
Declination of compass needle, 30 
Delta-connected circuit, 599, 600 
Demagnetizing ampere-turns, 398 
Density, current, defined, 89 

safe for contact, 110 

Depolarization, methods of, 227 
Depolarizer, 227 
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Diagrams, phase, 506 
_ vector, 505, 506 
Diamagnetism, 49 e 
Dielectric flux generates e.m.f., 82 
strength, 93 
Dielectrics, definition, 92 
properties, 93 
D’Infreville wasteless zinc, 242 
Direct-current circuits, power in, 115 
generators, 371 
components, 371 
field structures, 373-380 
. motor principles, 431-448 
Direct currents, 73 
eeection of currents, positive and negative, 


_ of e.mf., rules, 273, 274 
Displacement current, 72 
Distributing transformers, 619 
Divided circuit, 136 
Drop of potential, 83 
Drum-wound armature, 386-388 
Dry cells, 239 
Dynamos, 337 


E 


Earth a magnet, 30 
potential of surface as unit, 61 
rate of discharge of electricity, 63 
Eddy or Foucault currents, 277, 331-336 
computing loss, 335 
in electrical machines, 335 
laminating to minimize loss, 334 
loss, 335 
losses in. transformers, 614 
minimizing loss, 334 
Edison-Lelande cell, 239, 244 
storage cell, 257, 259, 263 
characteristics, 264 
Efficiency, determining, of direct-current 
generator, 418 
of an apparatus, 123 
table for various apparatus, 124 
Elastance, 558 
Electric cars, driven by series motors, con- 
trol, 462 
Electric circuits, 129-139 
adding conductors in parallel, 136 
computing resistance of divided cir- 
cuit, 136 
when produced by a battery or 
cell, 245 
current in a series circuit, 131 
of parallel circuit, 136 
varied by arrangement of cells in 
battery, 246, 247, 249 
definition, 129 
difference from magnetic circuit, 156 
divided, 136 : 
elements needed, 129 
hydraulic analogy, 129, 131 
of divided circuit, 137 
of parallel circuit, 132 
parallel, multiple, or shunt circuits, 
32 


parallel-series or multiple-series, 137 
polarity of direct-current, how deter- 
mined, 139 ’ 
resistance of a series combination, 


of parallel conductors, 136 
series circuit, 130 
series-parallel or series-multiple. 138 
Me a across parallel conductors, 
13 


of a series circuit, 130 
Electric currents, 66-80 
alternating currents, 76, 78 
ampere, unit of flow, 86 
classes of, 68 
commercial importance, 66 
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Electric currents, conduction, 68, 69 Electromagnetic induction, 269-292 


constant, 74 
continuous, 73 
convection, 73 
defined, 55, 67 
direct, 73 
direction of, 24 
determined by compass, 143 
displacement, 72 
electromotive force, 67 
fluid analogies, 62, 76 
graphs, 73-78 | 
in a series circuit, 131 
induced, 66 
laws of action between currents, 143 
magnetic field produced by, 140 
oscillatory, 74 : 
output of battery, varying, 246 
positive and negative direction, 75 
pulsating, 74, 362 
See also Currents. 
Electric generators, principles of, 337-372 
inertia, 320 
momentum, 320 : 
motor, principle of operation, 432 
pressure, definition, 81 
welder, 623 ' 
Electrical energy, cost of, generated by pri- 
mary batteries, 244 
developed by electromagnets, 193 
by primary cell from chemical en- 
ergy, 220 
by external energy on metals in 
contact, 210, 214 
generated by chemical action, 217 
' by electromagnetic induction, proc- 
ess, 281 
by primary cells, 244 
generation of, 59, 125 
stored in storage cell, 256 
lisesi panel and conversion, 59, 
: 431 


by transformers, 604 
See also Energy, and Generation of 
electrical energy. 

Electrical losses in a generator, 418 
machinery, temperature rises, 417 
phenomena explained by electron 

theory, 3, 6,19 
resistance, 89 

Electricity, atmospheric, 63 
contents of a coulomb of, 6 
discharge of earth’s surface, 63 
electron theory, 53 
fluid analogy, 53, 55 
eee do not generate, but move, 

5 
matter composed of, 1 
nature of, 53 
negative, particles called electrons, 1, 2 
po 
positive, defined, 55 
in nucleus of atom, 3, 7, 8 
potential defined, 60 
pressure cause of lightning, 57 
relation to magnetism, 269 
single-fluid theory, 55 
terminal defined, 62 
transmitter of energy, 54 
Electrification, positive and negative, 23 
Electro-chemical action, 67 
local action, 225 
depolarization, 228 
equivalent, 224 

Electrodes, 218-220 
distiuction, in lead storage cells, 262 

Electrolysis, 67, 251-254 
definition, 251 


alternating e.m.f., production of, 275 
current forced by e.m.f. through 
circuit, value of, 276 } 

definition, 269 ’ 
direction of e.m.f. induced in con- 
ductor cut by lines of force, 
and in coil, 273, 274 
of induced current, 278-280 
effect on magnetic field cut by econ- 
ductor, 273 : 
e.m.f. impressed on a circuit must be 
consumed, 276 
induced proportional to turnsin a 
solenoid, 287 
when conductor crosses lines of 
force, 270, 271 5 
factors affecting value of e.m.f. in- 
duced in conductor cutting lines, 
281-284 
Fleming’s rule for determining direc- 
tion of e.m.f. in conductor, 274 
flux for induction of e.m.f., how pro- 
duced, 271 
force required to move conductor 
generating e.m f., 278 
generation of e.m.f. by conductor 
cutting a flux, 271 
with stationary conductor and 
variable flux, and vice versa, 
289, 291-293 * 
with stationary flux and moving 
conductor, and vice versa, 285, 
_ 286 
importance of principle, 269 Fi 
in ae e.m.f. in a conductor, 2B, 


induction of e.m.f. by varying reli 
_ tance of magnetic circuit, 291 
intensity of e.m.f. induced by rate of 
cutting lines of force, 281 ‘ ‘ 
Lenz's law of direction of induced 
_ currents, 278-280 : 
lines of force of variable flux, proc- 
ess of cutting conductor, 289 
method of generating elena 
energy, 281 . 
power needed to produce induced : 
rent by magnetic induction, 280 
producing induced e.m.fs., methods, 
85-292 : 
rate of cutting lines of force, effect on 
e.m.f., 281 7 
relation between magnetism and 
electricity, 269 ' 
of directions of motion, e.m.f., and 
flux, 27 P 
i of induced e.m.f., determining, 


See also Mutual induction. ; 


arity defined, 62 Electromagnetism, 140-149 


compass determines direction of cur- 
rent flow, 143 : 
correct conception of field of magnetic 
flux, 14 , 
effect of iron within a helix, 149 ; 
electron theory of magnetism, 149 
helix, magnetic field of, 146 
how constituted, 149 
laws of action between currents, 143 
magnetic field about a conducting 
‘loop, 145 
about a straight wire, 140 
Maxwell’s laws, 144 
proof of magnetic field, 141 
rule for determining polarity, 148 
rules for direction of magnetic field 
about straight wire, 142 


of underground structures, 252 Electromagnets, 25 


Electrolyte, 219-221 
.. definition, 251 
Hiectrolytic refining of metals, 254 


pop hoations of, 193-199 . 
bell, action in electric, 193 
design of a lifting magnet, 202-204 
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Electromagnets, factors of lifting power, 197 
field coils of electricity generators, 19 
flux density, effect on lifting power, 197 
_.to produce high, 198 
liftmg magnets, flux densities in cir- 
cuits, 2 
types of, 201 
power, 196, 197, 200 
magnetic traction, 196, 197, 200-205 
operating voltages for, 202 
permanent magnets in telephone re- 
ceiver, 196 
pull of, formula, 200 
switch to release load, 202 
telegraph, application in, 194 
telephone receiver, 195, 196 
traction at different flux densities, 200 
use to produce magnetic field, 373 
Electromotive force, 67, 81-111 
alternating, production of, 275 
ampere defined, 86 = 
conductance, 91 
conductivity, 91 
contact forces, 210-216 
current density, 89 
definition, 81 
determining value of an induced, 284 
developed by alternators, 491 — 
by contact of metals and liquids, 217 
development, means of, 82, 12 
ceenee between amperes and volts, 


direction, positive and negative, 350 
rules for determining, 273, 274 
distinction between voltage and poten- 
tial, 83 
drop of potential, 83 
electrical resistance, 89 
generated by contact of metals, 82, 210 
by conductor cutting a flux, 271 
by magnetic and dielectric flux, 82 
hydraulic analogy, 81, 83, 88,91  . 
paahced in conductor by self-induction, 


induction in conductor crossing lines of 
force, 270-271 

insulating materials, 92 : 

intensity depends on rate of cutting 
lines of force, 281 

maintenance of, between plates of a 
cell, 221 

ohm defined, 90 

Ohm’s law, 93 

peisrsstion in primary cell, effect of, 


producing induced, methods of, 285 
properties determining flow of currents, 


pulsating, 362 ; 

resistances of different materials, 91, 92 

resistivity, 90 

resistor defined, 89 

resultant of metals at same tempera- 
ture, 212 

units of measurement, 87 

value affected when conductor cuts 
lines of force, 281-284 

values developed by contact, table, 211, 
212 


See also Contact e.m.f., counter e.m.f., 
Electromagnetic induction, Genera- 
tors, electric, Self-induction. 

Electron theory, 1, 53, ; 
; applied to conducting, materials, 59 
conduction current, 69 
insulating substances, 57 
the Aurora, 64 
contact e.m.f. explained by, 211 
of magnetism, 149 : 
) primary cell action explained by, 222 
Electrons, cathode rays formed of, 
chemical change, effect of, 19 
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Electrons combined into atoms, illustra- 
tion, 6 
currents, direction of, 24 
definition, 1, 2, 3 
electrification of objects due to number 


ce) ’ 
electrostatic attraction, 3 
isolation from atoms, 9 
light produced by movements of, 11 
loss of, by atoms, 19 
or addition ionizes an atom, 22 
mass or weight, 5 
method of deriving or isolating, 4 
number in atoms varies, 9 
in universe, 6 
properties identical, 3 
quantity of electricity in, 6 
repelling force of, 3, 5 
rotation causes magnetism, 25 
size of, 5, 10 
unstable in radio-active atoms, 19 
Electroplating, 67, 251, 252 
Electropoian solution, 236 
Electrostatic attraction of electrons, 3 
capacity, effects with alternating cur- 
‘ rents, 470 
induction, 293 
Electrotyping, 67, 251, 253 
Elements, radio-active atoms in, 19 
valencies of, 12 
Energy, definition, 118 
loss in transforming into electrical, 126 
resistance, 564, 566 
stored in magnetic field, 330 
transformation of mechanical and chem- 
ical, 125, 337 
transforming, 119 
transmission by electricity, 54, 59 
See also Electrical energy. 
Equator of a magnet, 27 


F 


Fahrenheit system, 102 

Farad, 558 

Faraday, Michael, 270 

Faure type of plate, 260-262 

Field coils, 374 | 
discharge resistors, and switches, 306 
distortion, 394 
intensity, in magnetism, 44 
magnets, 373 
of force of magnets, 35 
epi of direct-current generators, 


Figuring alternating-current circuits, 559- 


admittance, 560 
computing impedance, 561 
joint impedance, 563, 564 
energy resistance, 564, 566 
impedance of motors and transform- 
ers, 564 
joint impedance, 562 
reactance of a circuit, 559 
resonance, 560 
susceptance, 559 
Flat-compounded generator, 428 
Fleming’s rule for determining direction of 
e.m.f., 274 
Fluid analogy of electricity, 53, 55 
See also Hydraulic analogy. 
Flux, computing in magnetic circuit, 169 
definition, 154, 155 
developed by air-core helix, 177 
follows iron with turns of helix, 180 
of magnetic field, 43 , 
produced by a helix in air, 176 
total, in air-core helix, 178 
Flux density, 44 
effect on lifting power of magnet, 197 
in circuits of lifting magnets, 203 
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Flux density, high, production of, 198 
limit, in magnetic circuits, 173 
m.m.f. gradients required to produce, 

167 


of magnetic circuit, 164 
relation to magnetic gradient and per- 
meability, 173 ns 
traction of electromagnets at different 
densities, 200 
Foot-pound, 112 
Form-wound coils, 388 
Foucault currents, 277, 331-336 | 
Franklin’s single-fluid theory, 55 
Frequency of alternating currents, 472 
Frequency, computation, 500 
Fuller cell, 234 


G 


Gages, wire, 97 

Gases, attractive force of molecules; 16 
Avogadro’s law, 17 | 
motion of molecules in, 15 

Gauss, 46 

Generation of electrical energy, 59, 125-128 
conditions to be fulfilled, 127 
current of electricity necessary, 126 
establishment of voltage required, 126 
from mechanical and chemical energy, 

125 
loss in transforming, 126 
methods, 128 
See also Electrical energy. 

Generator armatures, direct current, 381-398 
advantages of drum-windings, 388 
armature-core punchings, 386 
poantanty direct e.m.f., generation of, 

83 


construction and material of armature 
core, 385 

drum-wound and ring-wound, 386- 
388 


effect of open- and closed-coil wind- 
ings on brush e.m.f. graph, 383, 384 

form-wound coil, 388 

function, 381 

functions of armature core, 384 

pre and closed-coil windings 


principles of operation, 387 
production of constant e.m.f., 381 
ring winding, disadvantages, 387 
winding armature with form-wound 
coils, 389 
See also Armature reaction. 
Generator, direct-current, Voltages, 412-422 
armature resistance, 413 
brush e.m.f., 414 
resistance and brush-contact resist- 
ance, 414 
capacity, 416 
current in armature depends on resist- 
ance of circuit, 415 
efficiency, determining, 418 
electrical losses, 418 
e.m.f. impressed on an external circuit 
by a generator, 415 
excessive heating, 417 
formula for bipolar direct-current 
generator, 412 
e.m.f. in direct-current generator 
armature, 413, 
horse-power output, 420 
input, 421 
internal drop in the armature, 416 
losses in, 418 
mechanical losses, 418 
ouput of generator, 419, 420 
pee of direct-current generatot 


sparking at the commutator, 416 
terminal e.m.f. 414 


Generators, alternating-current, 481—4 


application of revolving-arma 
alternators, 482 i 
armature construction and win 
of revolving-field alternators, 488 
classes, 481 i 
construction of revolving fields, 488 
modifying direct-current generator 
into alternating-current, 483 ¢ 
operation of revolving-armature 
alternators, 482 : q 
principle of operation, 289 
revolving-armature, 481 
revolving-field alternators, 484 


Generators, curves or graphs, 423 
Generators, direct-current, 371 


arrangement of poles, 376 
bipolar, 375 
classification, 375 
compound-wound, 379 ; 
controlling field strength, methods of, 
380 ' 
excitation of self-excited field mag- 
nets, 377 > 
field excitation, methods, 376 M 
magnets, 373 
structures, 373-380 3 
windings, 378 . 4 
long- and short-shunt connections,380 
magnetic field, 373 q 
multipolar, 375, 403-406 | 
number of poles, 375 
principle of operation, 286 
self-excited, 376 
separately-excited, 376 
series-wound, 378 
shunt-wound, 378 


Generators, direct-current, characteristi 


423-430 
compound-wound generator, 427, 
flat-compounded, 428 
magnetization, 423 
over-compounded, 428 
series generator, 424 
shunt-wound generator, 425, 426 
voltage regulation, 429 


Generators, electric, 337-372 


ae Dene e.m.f. generated in a loo: 
49 


armature, 363, 364 
commercial, requirements, 338 
commutator, 357 
components of direct-current, 371 
computing e.m.f. induced in rotating 
coil, 366 * 
conducting loop rotated in magnetic 
field, 339 
constant-potential and constant-cur- 
rent, 370 
definition, 337 ; 
difference between alternating- and 
_direct-current, 362 
direct e.m.f. produced by commu- 
_tator, 358 d 
directions of alternating e.m.fs. an 4 
voltages, 350 
e.m.f. induced in loop varies, 342 ; 
e.m.fs. and currents induced by rotat-_ 
ing loop, table, 353 re 
of alternating- and direct-current, 
graph, 349, 362 z 
elementary alternating-current, 349 _ 
field structure, definition, 374 
flux cut by armature conductors, 364 
hand rule for directions, e.m,f., an 
_ flux, 339 
inductors of armature, 366 
kinds of armatures and fields, 364 
Magnet cores, 374 , ' 
magnetic field and armature neces- 
sary, 363, 364 
magneto, 368 
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Generators, electric, method of transform- 
ing energy, 33 
number of cutting conductors, 364 
pole shoes, 375 
principle, 337 
pulsating e.m-f., 362 
rectifying action of a commutator, 
358 
rotation, positive and negative, 350 
sine curve or sinusoid, 346 
representing alternating e.m.f. or 
_ current, 353 
sine of angle applied to e.m.f. induced 
in loop, 346 
sine-wave forms of e.m.fs. and cur- 
rents, 352, 355 
speed of armature conductors, 365 
variation of alternating current, 354 
of e.m.f. induced in loop, 346 
of e.m.f. values induced in loop, 351 
voltage factors, 364 
Generators, electromagnets in field coils, 193 
function, 59 
homopolar, 286 
eee store, roultipolar, direct-current, 403- 


armature conductors, smaller, feasi- 
ble, 404 
defined, 375 
economics of design, 404 
magnetic circuit and generation of 
e.m.f., 403 
peripheral speeds, lower, possible, 405 
Generators, operation as motor, 436 

revolving-armature three-phase, 590 
two-phase, 582 

revolving-field, three-phase, 591 

_ two-phase, 583 

single-phase, 502 

three-phase, 589 

Gilbert, discovered earth is a magnet, 30 
Gould storage cell, 260. 
Gradient of magnetic circuit, 164 
Graphs, of alternating currents, 78 
id sine, 510 
Gravity cell, 241 
Grenet cell, 235, 244 
Grove cells, 236 


H 


Hand rules, 339 ; : 
Heat, eeeoant dissipated by magnet coil, 
18 


application to metals generates e.m.f., 


developed by electric current, 107, 187 
effect of, on magnet winding, 189 
on resistance of metals, 103 
expansion of matter caused by, 14, 18 
Helix defined, 146 F 
flux developed by an air-core, 177 
in turns around iron, 180 
produced by, in air, 176 
magnetic circuit of an air-core, 179 
field of, 146 : 
roperties affected by iron, 149 
polarity, 148 
properties of, 148 
: total eee an air-core, 178 
Henry, Joseph, 3 
Peary, unit of inductance, 309 
Homopolar generators, 286 
Horse power, 1138 
brake, 123 
_ equations, 117 
hour, 119 
! output of direct-current generator, and 
input, 420, 421 
; rating motors in, 118 . 
Hydraulic analogy of cells connected in 
series and parallel, 246, 247 
divided circuit, 137 
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Hydraulic analogy of effect of inductance in 
direct-current and alternating-cur- 
rent circuits, 580 
electric circuits, 129, 131 
currents, 62, 76 
electrical power, 114 
electromotive force, 81, 83, 88, 91 
parallel circuit, 132 
permittance in alternating-current 
circuit, 548 
three-phase generator and circuit, 591 
three-wire circuit, 628 
two-phase, four-wire alternating-cur- 
rent generator and circuit, 584 
Hydrogen, atomic weight, 10 
evolution determines polarity of direct- 
_ Current circuits, 139 
size of molecules in, 14 
Hysteresis, 206-209 
constants for different materials, table, 


207 

definition, 206 

loss, 206 
calculation, 208 
factors, 208 
in transformers, 614 
in wrought iron, 208 


I 


Ignition system, automobile, 301 
Impedance, computing, 562 
defined, 539 
of motors and transformers, 564 
value of, to obtain, 539 
See also Reactance and impedance, 
Incandescence, 67 
Induced current, 66 
Inductance, 309-313 
action of, in changes of voltage or cur- 
rent, 545 
definitions, 309, 311 
different, in a conductor, 312 
effects compared with permittance, 556 
with alternating currents, 470 
factors, determining, 312 
formulas for computing, significance, 


inertia and momentum, 320 
methods of determining 
mutual-inductance, 313 
mutual, 313, 328 
of stranded wires, 326 
permeance, effect on, 320 
physical property of circuits and con- 
ductors, 311 
proportional to ‘‘cutting’’ lines per 
ampere, 310 
self-inductance same as permeance, 311, 
314-327 
unit, significance of, 309 
Induction coils, 300 
current, definition, 270 
electromagnetic, 269-292 
furnace, principle, 623 
magnetic, 37 
mutual, see Mutual induction. 
regulator, 621 
self, 302-308 
Inductive reactance, 537 
Input defined, 123 
of generator, 421 
Insulating materials, 92 
electron theory, 57 
imaginary structure, 56 
table of resistance values, 92 
Insulation resistance, 93 ; 
Insulators defined, 91 aka 
Internal Feelataieor determination of, 229, 
30 


drop, 229 
of a cell, 228 


self- and 


, 


640 


International electrical units, 87 

Interpoles, 396 

Tons and ionization, 22 : 

Iron and steel, magnetic properties, table, 

, 16 
magnetic saturation, 164 
magnetization graphs, 165 
permeability, 167 : 
permeance of, 161 i) 
saturation point and permeability, 
321 


wrought, hysteresis loss, 208 


K 


Kation, 23 
Kiloampere-turn, 152 
Kiloline, 155 
Kilovolt defined, 82 
Kilowatt-hour, 119 
Kilowatts, 113 

equations, 117 

rating motors in, 118 
Kinetic energy in magnetic field, 330 
Kirchoff’s laws, 138 

for direct currents, 471 


L 


Lag, angle of, 398 
of alternating current, 503 
Laminating, 334 
Lap winding of armatures, 407 
Lead, angle of, 398 
of alternating currents, 503 
Lead storage battery, 259, 260 
cells, maintenance and operation, 263 
Leclanche cell, 233, 234 
perebine for light work, 243 


types, 2 
Lelande cells, 239, 244 
Lenz’s law, 278-280 
applied to eddy currents, 331, 333 
inductance, 309 
mutual induction, 295, 297, 299 
self-inductance, 314 
a self-induction, 302, 304 
Lifting magnets, 200-205 
Light, caused by movement of electrons, 11 
. , transmission through ether, 21 
Lightning arrester, 327 
_ explained, 57 
Lines of force, of magnets, 33-35, 154 
of variable flux cutting a conductor, 


Liquids, attractive force of molecules in, 16 
motion of molecules in, 15 

Local action, in primary cells, 225 

Lodestone, 25, 26 


Long-shunt field connection, 380 


M 


Magnet coil, see Magnet winding. 
cores, 3 
Magnet windings, 186-192 
ampere-turns, changing, 186 
amount of heat dissipated by magnet 
coil, 189 
colle operating on constant current, 


poms et roliaga magnet coil, design, 


cotton-covered, annealed 
magnet wire, table, 192 

design of, 186 

effect of heat, 189 

heat, relation to turns in coil, 187 

Ohm's law, 188 

requirements, 186 

size of wire, 188 

thickness of coils, 190 


copper 


INDEX 


Magnetic axis, 27 q 
Magnetic circuit, 150-180 

calculation of, practical, 170 
computation of reluctance, 158 
computing flux, 169 , 
definition, 33, 34 ‘ 
difference from electric circuit, 156 
difficulties in calculating, 173 ? 
equations involving permeance, 162- 
flux, 154, 155 

density, 164 : ; 

developed by an air-core helix, 177 

follows iron, with turns of helix, 

180 

produced by a helix in air, 176 
formulas for ampere-turn, 154 

for computing permeance, 163 

for figuring reluctance, 160 R 
gradient or magnetic intensity, 164 
joint reluctance of magnetic paths, 

161 


laws of, 150 ’ 
leakage factor, 185 M4 
limits of flux densities, 173 

line of force, 154 Y, 
magnetizing effect product of am- 


peres and turns, 153 a 
magnetomotive force, 151 a 
ky ct to produce flux densities, 
16 v 
of an air-core helix, 179 
Ohm's law of, 156 
permeability, 162 


of iron, 167 

permeance, 161 

practical design of, 170 

propertion of iron and steel, table, 
166 


4: 
relations between flux density, mag- 
—— gradient, and permeability, 


reluctance, 150, 155 
reluctivity, 158 
saturation of iron, 164 
. point, 165 
significance of m.m.f. gradient, 17: 
unit of m.m.f., 152 
of reluctance, 155 
working formulas, 168 
Magnetic field, 35 
about a conducting loop, 145 
a straight wire, 140, 142 
correct conception, 142 
created by electric currents, 66 
energy stored in, 330 
flux, 43 
methods of producing, 373 
of a helix, 146 
produced by current electricity, 140 
proof of, 141 = 
rules for direction about a straight 
, Wire, 142 
Magnetic flux, e.m.f, generated by, 82 
force, laws of, 47 is 
gradient relation to flux density and 
. permeability, 173 
induction, 37 ? 
intensity, 44, 164 
Magnetic leakage, 181-185 
computation of, 184 . 
difficulty in calculating circuits, 173 
due to lack of insulators, 181 
example of, 181 
in a transformer, 613 —_. 
leakage factor of a magnetic cir- 
cuit, 185 
factor values, 185 
method of eliminating, 182 
Magnetic meridian, 29 
Magnetic saturation, 164 
Spectrum, 32, 140 
substances, 26 


ee ee ee 


a 


aps 
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Magnetic traction, 196, 197, 200-205 
design of lifting magnet, 202, 203, 204 
flux densities in circuits of lifting 

magnets, 203 
types of lifting magnets, 201 
Magnetic transparency, 31 
Magnetism, 25-52 
ageing of magnet steel, 50 
attraction explained, 39 
caused by rotation of magnets, 25 
classes of magnets, 25 
compass, 26, 28, 29 
consequent poles, 41 
declination of compass needle, 30 
diamagnetism, 49 
electron theory of, 25, 149 
field distortion, 37 
intensity, 44 
flux density, 44 
of magnetic field, 43 
auss defined, 46 
hysteresis explained, 206 
induction, magnetic, 37 
laws of magnetic force, 47, 48 
lifting power of permanent magnet, 52 
lines of force, 33, 34, 35 
magnetic circuit, 33, 34 
field, 35 
magnetization caused by earth’s induc- 
tion, 40 
explained, 42 
maxwell defined, 43, 154 
measuring amount of, 35 
meridian, magnetic, 29 
molecular theory, 42 
nature of, 25 
paramagnetic substance, 49 
permeance, 37 
relation to electricity, 269 
repulsion explained, 39 
retentivity defined, 51 
total induction, 43 
transparency, magnetic, 31 
' uniform magnetization, 43 
| Magnetite, 26 
Magnetization, explanation, 42 
graphs of iron and steel, 165 

Magneto generator, 368 

Magnetomotive force, 151 
gradients required to produce flux 

_ densities, 167 
significance of gradient, 174 
unit is ampere-turn, 152 
Magnetomotive gradient, 44 
Magnets, artificial, 26 
classes of, 25 
compound, 50 
definition, 25 | . 
earth’s magnetic attraction, 30 
field, 373 
lifting power, 52 
types of, 201 
lines of force, 32-35 
natural, 25, 26 . 
neutralizing effect of unlike poles, 29 
permanent, how to make, 49 
in a telephone receiver, 196 
poles, 27 
ring, 36 
weakened by use, 50 

See also Electromagnets. 

Matter, arrangement of molecules and 
atoms ir, 20 

states of, 15 
structure of, 1, 14 
Maxwell defined, 43, 154 
Maxwell’s laws, 144 | 
applied to operation of motor, 436 
Measuring conductors by mils, 98 


wire, 9 py. Be, 
Mechanical depolarization, 228 
loss in a generator, 4 


41 
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Medical induction coils, 334 
Megaline, 155 
Megohm, 90, 92 2 
Metals, computation of resistance of, 101 
hysteretic constants, 207 
resistance affected by heat, 103 
resistivities, table, 100 
temperature coefficients, table, 104 
values of e.m.f. by contact, table, 212 
Mho defined, 91 
Microhm, 90 
Micrometers, 98 
Mil, circular, 98 
reducing formulas, 99 
., Square, 99 
Mil-foot circular, 99 
Millikan, Robert S., reference, 2, 8 
Millivolt defined, 82 
Molecular structure of matter, 14 
theory of magnetism, 42 
Molecules, attractive force in solids, liquids, 
and gases, 16 
Avogadro’s law, 17 
chemical change, effect of, 18, 19 
composed of atoms, 11, 13 
contents of gases, 17 
definition, 2, 12 
difference from atoms, 18 
distances vary with expansion of sub- 
stance, 18 
effect of heat, 14 
magnetic quality, 149 
motion in solids, liquids, and gas, 15 
physical change, effect of, 18 
shape of, 12 
size of, 5, 13 
Mosley, 20 
Motor power, direct-current, 466-469 
commercial voltages, 466 
computing horse pone on basis of 
torque and speed, 468 | 
power input, current or impressed 
voltage, 466 
rating of a motor, 466 
relations between input, output, effi- 
ciency, etc., of a motor, 467 
Motor principles, direct current, 431-448 
armature reaction, 445 | 
calculating speed regulation, 448 
commutating poles insure sparkless 
commutation, 445 
commutation, 444 
constructional details same as gen- 
erators, 436 
counter e.m.f., 438, 439 | 
compared with that in generator, 


direction of rotation, of flux, and of 
e.m.f., 443 

effect of counter e.m.f., 439 

force on conductor in magnetic field, 
formula, 437 

formulas of counter e.m.f., 442 

function of a starting resistance, 440 

impressed e.m.f., 443 

power developed, 442, 443 

principle of operation, 432 

relations between counter e.m.f. and 
power developed, 442 ‘ 

rotation and method of reversing di- 
rection, 443 

speed, 441 P 
characteristics, 447 
regulation and speed control, 448 
torque classification of loads, 447 

torque exerted by conductors on 
motor armature, 438 

types, 447 : 

Motors, compound-wound, direct-current, 

463-42 


characteristics, 463 
cumulative-compound motor, 464 
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Motors, compound-wound, differential-com- 
pound motor, 464 
starting and control, 465 : 
Motors, direct-current, conversion of electri- 
cal into mechanical energy, 431 
principle of operation, 286, 432 
electric, definition, 431 
electromagnets in field coils, 193 
impedance, 564 
rating in kilowatts and horse power, 
1 


118 
Motors, series, 460-463 
applications of, 461 
characteristics, 460 
compared with shunt, 461 
series-parallel car control, 462 
speed, 460 
control, 462 
starting, 461 
torque, 460 ; 
used for driving electric cars, 462 
Motors, shunt, 449-459 
armature control of speed, 454 . 
characteristics compared with series. 


field control of speed, 452, 453 

no-field release device, 458 

no-voltage release device, 458 

objections to armature control, 454 

operation in starting, 457 

overload, release on starting rheostat, 
458 


resistance in series with armature, ip 
starting, 455 

speed control, 452-454 
regulation, automatic, 450, 451 
variation by field control, 453 

starting rheostat, 456 

stopping, 457 4 va . 

pe Storey synchronous, principle of operation, 


Multiple circuits, 132 
Multiple-series circuit, 137 
Multipolar direct-current generators, 403 
Mutual inductance, 313, 328 
Mutual induction, 293-301 
automobile ignition system, 301 
between parallel circuits, trans- 
position, 299 
two concentric coils, 294 
two parallel conductors, 299 
circuits mutually inductive, 299 
definition, 293 
flux of primary coil cuts turns of 
, Secondary coil, 295 
in telephone circuits, 299, 300 
induction coils, 3 
occurrence when primary circuit is 
opened, 297 
primary and secondary coils and cir- 
cuits, 293 
Pemoinles, 293 
tuhmkorff coils, 300 
transposition, 300 


N 


Natural magnets, 25, 26 
Negative direction of currents, 75° 
electricity, particles called electrons, 


’ 

electrification, 23 
Neutral plane through an armature, 394 
Neutralizing effect of poles of a magnet, 29 
Nickel-iron storage ce 1, 260-262, 263 , 
Ni oe oe no-voltage release devices, 
Non-inductive circuit, 305 

coil, 3 
North pole of magnets, 28 
Northern lights, 64 


INDEX 
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Ohn, definition, 87, 90 
Ohm's law, 93 Ps 
application, 95 > a 
vier es to alternating-current circuits, 
3. 


* 


alternating currents, 470 
calculating wire sizes, 135 
cells in series, 249 2 
current determined by resistance of 
circuit, 280 
current forced by e.m.f., 276 
in armature, 415, 439 
in field winding, 378 
output of battery, 247, 250 
electric current, 128 . 2 
mere and resistance of the circuit, 
56. 
wae impressed on electric circuit, 


current computed by, 245 
equations, 94 
Kirchoff’s Jaws derived from, 138 
magnet coil, 188 
magnetic circuit, 156, 291 
modified for alternating currents, 95 
stated for unit magnetic path, 174 
unit conductor, 111 
variation of e.m.f. and current, 355, 357 
Operation of electric motor, 432 i 
Oscillatory current, 74 ; 
Output defined, 123 
of direct-current generator, 419, 420 ¢ 
Over-compounded generator, 428 7 
= 
if 
P 
Parallel circuits, 132 
current, 136 
resistance, 136 
grouping of cells, 249 
-series, 249 
circuit, 137 
Paramagnetic substance, 49 
Pasted type of plate, 260-262 
Peltier effect, 216 
Perm, 161 } 
unit of inductance, 311 “% 
Permanent magnets, 25 
how to make, 49 
lifting power, 52 
Permeability, absolute and relative, 162 
defined, 162 
of iron, 167 3 
relation to flux density and magnetic 
gradient, 173 
Permeance, computing formulas, 163 
definition, 37, 161 
effect on inductance, 320 
equations involving, 162 
of iron and steel, 161 
Permittance or capacity, 545-558 
computing counter e.m.f., 554 
Eryale e.m.f. and impressed e.mf., 
ul 


exerted by permittance, 551 ' 
effect compared with inductance,556 
in alternating-current circuits, 546 
in low-voltage circuits, 548 3 
on curbs and impressed e.m.f., 
on power loss in circuit, 557 
with alternating currents, 470 
with resistance, on current and 
impressed e.m.fs., 557 ‘ 
hydraulic analogy, 548 ‘ 
indugtases and permittance effects, 
4. 


measured in farads, 558 
Permittive reactance, 555 


INDEX 


Phase diagrams, 506 
on alternating current, 472 
Phenomena, electrical, 3, 6, 19 
Physical change, 18 ~ 
Plantétyp of plate, 260-262 
Plate, of a primary cell, 219 
Plunge batteries, 235, 244 
Polarity defined, 62 
cee cained by evolution of hydrogen, 


rule for determining, of a helix, 148 
Polarization in a primary cell, 227 
Pole shoes, 375 
Poles, consequent, 41 
of a magnet, 27 
of primary cell, 219 
Polyphase circuits and systems, 581-603 
commercial methods of connecting 
phase windings, 585 
connecting windings of three-phase 
generators, 592 ; 
definition, 581 
delta-connected circuit, power devel- 
oped in, 600 
delta connection of phase windings or 
coils, 599 
hydraulic analogy of three-phase 
generator and circuit, 591 
of two-phase, four-wire alternating- 
current generator and circuit, 
584 
line e.m.f. in Y-connected circuit, 597 
neutral wire of Y-connection, 595 
power in Y-connected circuit, 599 
Erigeivle of three-phase generator, 


production of two-phase e.m.f., 581 
relations between power, current, vol- 
tage, and power-factor, 587 
revolving-armature, three-phase gen- 
erators, 590 
two-phase generator, 582 
perelyine-feld, three-phase generator, 


_ two-phase generators, 583 | 
Biace Phase e.m.f., production of, 


5 
three-phase defined, 588 
e.m.f., 588, 589 
four-wire system, 601 
systems, application, 601, 603 
power and voltage relations, 601 
three-phase vectors convention, 593 
two-phase or quarter-phase, 581 
voltage and current relations in delta- 
connected circuit, 600 . 
in star- or Y-connected circuit, 596 
in two-phase systems, 585, 586 
Y-connection of phase windings, 594 
Portative force of electromagnets, 196, 197, 


of magnets, 52 
Positive direction of currents, 75 
electricity, in nucleus of atom, 3, 7, 8 
electrification, 23 
Potential, definition, 60 
difference from voltage, 83 
drop of, defined, 83 
maintenance of, between plates of cell, 


ty 221 
Potential difference defined, 83 
Pounds-feet, 119 
ower, definition, 112 ait. 
determining in a Y-connected circuit, 


599 
electric, 113 r : 
equivalent values expressed in various 
units, 115 
horse power, 113 f 
_ hydraulic analogy of electrical, 114 
Power in alternating-current circuits, 567— 
p" 580 
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Power in alternating-current circuits, com- 
Bined inductance and permittance, 
computation of power taken by in- 
ductive circuit, 571 
current in phase with 
e.m.f., 567 
ae is phase with impressed e.m.f., 


impressed 


determination of power-factor of a 
circuit, 577 ; 

effect of low power-factor, 576 

formulas for power-factor, 573 

hydraulic analogies to effect of 
inductance, 580 

laws of determination, 567 

seer: and lagging power-factors, 


low power-factor, correcting, 577 
permittance or capacitance, 580 
power-factor, 573 
of wholly inductive circuit, 575 
product of available e.m.f. times cur- 
rent, 570 
al ae apparent, power and watts, 


vector diagram of true and apparent 
power, 577 
wattless current, 575 
Power in electrical direct-current circuits,115 
loss in a conductor, 117 
motor, 466-469 
Primary cells, 217-230 
amalgamation, 226 
‘applications of series and parallel 
grouping of cells, 249 
arrangement in battery affects cur- 
rent output, 246 
bichromate cells, 234, 235, 236, 244 
Bunsen cells, 236 
earbon-cylinder cell, 233, 243 
characteristics, table, 232 
chemical action in, 221 
chromic acid cells, 235 
solution, 236 
Clark standard cell, 243 
components of, 219 
computing current produced by, 245 
cost of electrical energy generated 
with, 244 
current output with varied arrange- 
* ments of cells, 246, 247, 249 
‘Daniell cell, 240, 243, 
definition, 218 
depolarizer, 227 
determination of interna: resistance, 
229, 230 
distinguished from secondary, 219 
dry cells, 239 
Edison-Lelande cell, 239, 244 
electrochemical equivalents, 
table, 224, 225 
electrolyte, 220 
e.m.f. affected by polensation, 227 
électron-theory explanation of action, 
222 
electropoian solution, 236 
essentially a storage cell, 256 
Fuller cell, 234 
function, 220 
functions of components, 220 
generators of electrical energy, 244 
gravity or Crowfoot cell, 241 
Grenet cell, 235 
Grove cells, 236 : . 
hydraulic analogy to cells in series, 
and parallel, 246, 247 
internal resistance, 228 
drop, 229 
laws of chemical action, 223 
Leclanche cells, 233, 234, 237, 243 
local action, 225 


and 
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Frimary cells, maintenance of e.m.f. between 
plates, 221 
plunge batteries, 235, 244 
polarization, 227 
poles and plates, 219 
seat of energy development, 220_ 
selection {of cells for given services, 
243 
Smee cell, 231 
standard cells, 242 
symbol, 221 ‘ “ F 
transform chemical into electrical 
energy, 220 i % 
types and connections, 231-250 
typical operation, 222 
Sr olece: 221 
wasteless zines, 242 
Weston standard cell, 243 
Primary coils and circuits, 293 
Prony brake, formula explained, 121 
for h.p. test on electric motor, 468 
Pulsating current, 74 
Pyrometer, 215 
Q 


Quadrivalent elements, 12 
Quarter-phase circuits, 581 


R 


Radioactive substances, definition, 4 
Rating motors in kilowatts and horse power, 
118 


of a direct-current generator, 417 
of a motor, 466 
Reactance and impedance, 533-544 
application of Ohm's law to alternat- 
ing-current circuits, 533 
impedance defined, 539 
impressed e.m.f. to neutralize counter 
e.m.f., 536 
inductive reactance, 537 
pgions of e.m.fs. and components, 


value of impedance, 539 4 
voltage and current relations with dif- 
ferent resistance and inductance, 


Reactance coils, 326 
of a circuit, 559 
permittive, 555 
Rectification, 357 
omulaten induction, 621 
Rel, unit of reluctance, 155 
Reluctance, computation of, 158 
defined, 155 
formulas for figuring, 160 
joint, of magnetic paths, 161 
not constant, 156 
of magnetic circuit, 150 
unit, 155 
Reluctivity, 158 
Repulsion, magnetic, 39 
Residual magnetism, 377 
Resistance, 81-111 
alloys as conductors, 104 
armature, 4 
computation, 100 
for non-circular conductors, 102 
contact, 11 
copper conductors, formula, 105 
current densities for contacts, 110 
effect of heat on metals, 103 
electrical, 89 
energy, 564, 566 
_ formulas of circular conductors, 101 
in alternating-current circuits, 519 
internal, of a cell, 228 
of a series circuit, 132 
of conductors at any temperature, 104 
of different materials, 91 
of divided circuit, computing, 126 


INDEX 


Resistance of parallel conductors, 136 
proportional to what, 
starting, in a motor, 440 
table for copper wire, 108 , 
of values of insulating materials, 92 
temperature coefficient, 103, 104 
Resistivity, 90 
of metals, 99 
table for conductors, 100 
Resistor, defined, 89 
field-discharge, 306 
inductive-discharge, 306 
Resonance, 560 
Retentivity of magnetic substances, 51 
Revolving-armature alternators, 481 
three-phase generators, 590 
two-phase generators, 582 ‘ 
Revolving-field, three-phase generators, 591 
two-phase generators, 583 
Rheostat defined, 89 
overload, release on a starting, 458 
starting for shunt motor, 456 
Ring magnet, 36 ; 
Ring-wound armatures, 386, 387 4 
Rotary converters, 286 
Rotation, positive and negative, 350 
Ruhmkant coils, 300 


s 


Saturation, magnetic, of iron, 164 
point, 165 
of iron, 321 
Secondary cell, 219, 255 
coils and circuits, 293 ry 
Self-inductance, 314-327 4 
amount of, affects value of current, 
graph, 320, 321 F " i 
SOTRPAIANAD, of a coil with air core, 
4 ; 


Ae 


of counter e.m.f. of self-induction, 322 
computing, formulas, 323 

of two-wire transmission line, 325 . 

— a increase of current in circuit, 


decrease of current in a circuit, graph 
and table, 317, 318 i ‘ 
decreased as legs of circuit are brought 
together, 325 
definition, 314 
effect on current in a circuit, graphs and 
tables, 315-319 4 a 
increase of current in an inductive cir- 
_ cuit, graph and table, 316, 317, 
aya e.m.f. greater in opened circuit, 


methods of determining, 313 
of straight conductor, 324 ‘ 
same as permeance of a circuit, 311 
table of inductance values, 314 
Self-induction, 302, 308 
coefficient of self-induction, 314 
definition, 302 
direction of e.m.f. induced when a cir- 
cuit is opened, 307 
elimination of, 304 
in a coil, 303 a 
inductive-discharge resistor to dissipate 
currents, 306 : 
of a straight wire, 302 
spark coils, 305 
Series circuit, 130 
current in, 131 
voltage of, 130 4 
generator, characteristics, 424 
group of cells, 249 
multiple circuit, 138 
parallel, 249 
circuit, 138 
wound ener toTme 378 
Shocking coils, 334 é 
Short-shunt field connection, 380 


Shunt circuits, 132 

motor, 449-459 
-wound generators, 378 
& characteristics, 425 

Sine curve, 79, 342 

or sinusoid, 346 

definition, 345 

graphs, 510 
_ Waves, 352 
Single-fluid theory of electricity, 55 
_ phase generators, 502 
Sinusoid, 346 
Size of atoms and electrons, 10 
of electrons and molecules, 5 
iy of molecules, 13 
Skin effect, 530 
Smee cells, 231 
Solenoid defined, 146 
polarity of, 148 
_ properties of, 148 
Solids, attractive force of molecules in, 16 

motion of molecules in, 15 
South pole of magnets, 28 
Southern lights, 64 
Spark coils, 305 
Sparking at the commutator, 416 
during commutation, 401 
Specific resistance of metals, 99 
Spectrum, magnetic, 32, 140 
Square mil, 99 
Standard cells, 242 
States of matter, 15-17 
Static electricity, generation, 82 
Steel, magnet, ageing of, 50 
See also Iron and steel. 
Storage batteries, 255-268 
applications of, 265 
pepecity of storage cell or battery, 
2 


9 
charging, 264, 265 
a cell, 256 
discharging a cell, 256 
| distinguishing electrodes of lead stor- 
j age cells, 262 
Edison battery, 259, 263 
storage cell, 257, 263 
efficiency of a storage cell, 258 
energy not electricity stored, 256 
Faure or pasted type of plate, 260— 
262 


for carrying entire load at times, 268 

for laboratory and testing work, 268 

for peak loads, 266 

graphs of storage cells, 257 

maintenance and operation of lead 
storage cells, 263 : 

on systems having fluctuating loads, 


266 
Planté or formed type of plate, 260- 
262 
principle of storage cell, 257 
storage or secondary cell, 255 
unit of capacity of storage cell, 259 
voltage of storage cell, 259 
voltages, high, how obtained, 260 
storage cell, 255. ; 
See also Storage batteries. 
‘train, definition of, 21 
stress, definition of, 21 
jusceptance, 559 
“ee es, etapa ea ae 
stems, polyphase, = 
if ence phnee, four-wire, 601-603 
three-wire, 624-632 


ay 


‘elegraph, application of electromagnet, 194 
‘elephone generator, 481 
 yaoutual induction in cireuits, 299, 300 
receiver, electromagnet in, 195 
permanent magnets in, 196 


INDEX 


645 


Temperatnt coefficient of resistance, 103, 


_ table for copper, 106 

rises in electrical machinery, 417 
Terminal e.m.f. of a generator, 414 

of primary cell, 219 

positive and negative defined, 62 
Thermo-bolometer, 215 

-couple, 215 

-electric couple, 215 

currents, 215 


pile, 215 r 
-electromotive force, 215 
-pile, 215 


Thermometer scales, 102 

Thompson effect, 216 

Thompson, Sir William, 216 

Ahree-wies Gisitibarion and systems, 624— 


balance, and neutral wire, 629 
commercial, 625 
copper required, 626-628 
general arrangement of feeders and 
mains, 632 
ground on outer wire, 631 
hydraulic analogy, 628 
obtaining three-wire voltages, 630 
open in outer wire, 631 
open neutral wire, 631 
principle, 624 
reason of use, 624 
reversal of generators, 631 
- unbalance, 629 
Time instant of alternating current, 473 
Toroid defined, 146 
Torque, definition, 119 
exerted on mctor armature, 438 
Total induction, 43 
Traction, magnetic, 196, 200—205 
Transformers, 604-623 
auto-transformer, 620 
booster, 621 
change in flux and primary counter 
e.m.f., 608 
connecting of, 619 
constant-current regulating, 622 
cooling of, 616 
copper loss, 616 
core-type and shell-type, 613 
counter e.m.f., 61 
current and voltage, 605 
applications, 618 
designing, 612 
determining iron losses, 616 
distributing, 619 
efficiencies, 616 
electric welder, 623 
essential in transmission of energy, 604 
a ponies Apes pa atomic rte circuits, 


impedance, 564 
induction furnace, 623 
regulator, 621 
iron core, 605 
losses in cores, 614 
magnetic leakage, minimizing, 613 
operation of voltage transformers, 606 
parts, 605 
power, current, voltage, and power-fac- 
tor relations in windings, 610 
ratio, or turn ratio, 610 
ratios of turns and voltageés, 608 
stationary, 604 
theory of operation, 606 
three-phase, 616 
variation in current, equation, 612 
voltage transformers, operation, 606 
Transmission of electrical energy, 59 
Trivalent elements, 12 
Turn, definition, 151 
Twisted pair wire, 300 
Two-phase circuits, 581 
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U 


Unit, British thermal, 119 
of alternating current, 477 
of conductors, 99 
of electric current, 87 
power, 113 
of e.m.f., 87 
of inductance, 309 
of m.m.f., 152 
of permittance and elastance, 558 
of reluctance, 155 | 
of storage-cell capacity, 259 
Univalent element, 12 


V 


Valency of atom, definition, 12 
Values, alternating-current, 512-518 
Vanadium, atomic weight, 10 
Vector diagrams, 505, 506 
of true and apparent power, 577 
Yectors, alternating-current, 503 
lag and lead defined, 503 
reference lines in diagrams, 505 
resolution of alternating e.m.f. into 
components, 508, 509 
rotation, 504 
sine graphs, 510 
vector defined, 504 
See also Alternating-current values. 
Volt defined, 81, 82 
difference from ampere, 87 
Voltage, 67 
Sra needed for different purposes, 


changes produce inductance effects, 545 
commercial for direct-current motors, 
466 


“control,” of generators, 429 
definition, 81 
difference from potential, 83 


INDEX 


Voltage, establishment necessary to gen¢ 
energy, 126 , 
factors, in generators, 364 
gradient, 110, 111 
of parallel circuit, 135 
of primary cell, 221 
of series circuit, 130 
of storage cell, 259 
operating, for electromagnets, 202 * 
regulation, of a generator, 429 
relation to current, with different 
ance and inductance, 542 
Voltaic cell, 218, 219 
Volts drop, definition, 83 


Wi 


Wasteless zincs for gravity cells, 242 
Water, size of molecules in, 13 
states of matter illustrated by, 16 
Watt, definition, 113 
equations, 117 
-hour, 119 
true and apparent, 578 
Wattless current, 575 
Wave windings of armatures, 407, 408 
Weston standard cell, 243 
Winding pitch, on armatures, 407 
Windings, armature, 407 408 
magnet, 186 
Wire gages, 97 
Work, definition, 112 


x¥ 
Y-connected circuit, 594-599 
Z 


Zinc, atomic weight, 10 
wasteless, for gravity cells, 242 
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